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(54) Semiconductor optical devices 



(57) The device includes a first semiconductor layer 4a, and a diffraction grating 5. The diffraction grating 
comprises portions of a superfattice layer comprising second semiconductor layers 5a comprising a 
semiconductor material in which mass transport hardly occurs and third semiconductor layers 5b comprising 
a different semiconductor material. A fourth semiconductor layer 4b is grown on the diffraction grating by 
vapor phase deposition. Since the second semiconductor layers in which mass transport hardly occurs are 
included in the diffraction grating, the shape of the diffraction grating is maintained during the deposition of 
the fourth semiconductor layer. Therefore, the thickness, amplitude, and pitch of the diffraction grating that 
determine the optical coupling constant are controlled with high precision. The superlattice layer comprises 
alternate layers 5a of InGaAs and 5b of InP. The device may be a DFB laser, a waveguide type grating filter or a 
reflection type grating polariser. Integrated structures comprising a DFB laser diode and a light modulator as 
well as wavelength tunable DBR and laser diode are also described. 
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SEMICONDUCTOR OPTICAL DEVICES AND 
METHODS FOR FABRICATING SEMICONDUCTOR OPTICAL DEVICES 

EXELD OF THK INVENTION 

The present invention relates to semiconductor optical 
devices and, more particularly, to a semiconductor laser 
device including a diffraction grating in highly-controlled 
shape, an integrated semiconductor laser and high-speed 
light modulator that is used as a light source for fiber- 
optic communication, and a wavelength variable distributed 
Bragg-ref lector laser diode. The invention also relates to 
methods for fabricating these optical devices. 
BACKGROUND OF THE INVENTION 

Figure 23 is a sectional view illustrating a 
distributed feedback (hereinafter referred to as DFB) 
semiconductor laser disclosed in, for example, Japanese 
Published Patent Application No. Sho. 62-45834. In the 
figure, reference numeral 201 designates an n type InP 
substrate. An n type InP lower cladding layer 202 is 
disposed on the substrate 201. An n type InGaAsP active 
layer 203 is disposed on the lower cladding layer 202. A p 
type InP first upper cladding layer 204a is disposed on the 
active layer 203. A diffraction grating comprising a 
periodic pattern of stripe-shaped p type InGaAsP layers 205a 
is disposed on the first upper cladding layer 204a. A p 
type InP second upper cladding layer 204b is disposed on the 
diffraction grating 205a and on the first upper cladding 
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layer 204a. A p + type InGaAsP contact layer 206 is disposed 
on the second upper cladding layer 204b. The double- 
heteroj unction structure comprising the active layer 203 , 
the lower cladding layer 202 , and the upper cladding layers 
204a and 204b is formed in a narrow stripe-shaped mesa. An 
n type InP mesa embedding layer 209 is disposed on the 
substrate 1, contacting opposite sides of the stripe-shaped 
mesa. A p type InP current blocking layer 210 and an h type 
InP current blocking layer 211 are successively disposed on 
the mesa embedding layer 209 at the opposite sides of the 
mesa. An insulating film 212 including a window opposite 
the stripe- shaped mesa is disposed on the top and side 
surfaces of the laser structure. A p side electrode 207 is 
disposed on the insulating film 212 , contacting the InGaAsP 
contact layer 206 through the window in that insulating film 
212. An n side electrode 208 is disposed on the rear 
surface of the substrate 201. 

A description is given of the operation. In the prior 
art DFB laser , when a forward bias is applied across the p 
side electrode 207 and the n side electrode 208,, holes and 
electrons are injected into the active layer 203 from the p 
side electrode 207 and the n side electrode 208, 
respectively, ..and these holes and electrons recombine to 
produce light. In this laser, the active layer 203 and the 
diffraction grating 205a which have relatively large 
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refractive indices are interposed between the n type InP 
lower cladding layer 202, the p type InP first upper 
cladding layer 204a, and the p type InP second upper 
cladding layer 204b which have relatively small refractive 
indices, whereby a waveguide is produced. Therefore, the 
generated light travels through the active layer 203 and the 
diffraction grating 205a in the direction parallel to the 
active layer . 

Further, since the stripe- shaped portions of the 
diffraction grating 205a are periodically present in the p 
type InP upper cladding layer, the effective refractive 
index is periodically changed in the array direction of the 
stripe-shaped portions of the diffraction grating 205a. ' If 
the array pitch of the diffraction grating 205a coincides 
with the period at which the generated light is subjected to 
Bragg reflection, only light having a wavelength that 
satisfies the condition of Bragg reflection is reflected in 
the waveguide, resulting in laser oscillation. 

Process steps for fabricating the laser structure of 
figure 23 are illustrated in figures 24(a)-24(d). 

Initially, as shown in figure 24(a), there are 
successively grown on the n type InP substrate 201 an n type 
InP lower cladding layer 202, an n type InGaAsP active layer 
203, a p type InP first upper cladding layer 204, and a p 
type InGaAsP layer 205, preferably by MOCVD. 
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A prescribed pattern is formed on the p type InGaAsP 
layer 205 using two-luminous-flux interference exposure 
method and, thereafter, the p type InGaAsP layer 205 is 
selectively etched by chemical etching or the like until the 
etching front reaches the first upper cladding layer 204a, 
whereby the p type InGaAsP layer 205 is divided into a 
plurality of stripe-shaped parallel ridges 205a, producing a 
diffraction grating (figure 24(b)). 

Thereafter, a p type InP second upper cladding layer 
204b is grown over the entire, surface of the wafer by MOCVD 
to bury the diffraction grating 205a (figure 24(c)). 

Thereafter, the laser structure is formed in a stripe- 
shaped mesa by etching (figure 24(d)). Then, an n type InP 
layer 209, a p type InP current blocking layer 210, and an n 
type InP current blocking layer 211 are successively grown 
on the substrate 201 at opposite sides of the mesa. 
Thereafter, a contact layer 206 is formed on the entire 
surface of the wafer. 

To complete the laser structure of figure 23, a p side 
electrode 207 and an n side electrode 208 are produced on 
the contact layer 206 and the rear surface of the substrate 
201, respectively. 

In the prior art DFB laser shown in figure 23, however, 
when the n type InP cladding layer 204b is grown on the 
diffraction grating 205a, the diffraction grating gets out 



of shape due to mass transport, whereby thickness and 
amplitude of the diffraction grating are reduced, resulting 
in a difficulty in controlling the coupling constant that 
shows the intensity of the distributed feedback applied to 
light. 

Figure 25(a) is a perspective view, partially in 
section, illustrating an integrated semiconductor laser and 
light modulator disclosed in, for example, Journal of 
Lightwave Technology, Vol.8, No. 9, 1990, pp. 1357-1362. 
Figure 25(b) is a sectional view of a part of the structure 
of figure 25(a) along the resonator length direction of the 
semiconductor laser. 

In these figures, reference numeral 301 designates an n 
type InP substrate with a (100) surface orientation. A 
light modulator 300a and a laser diode (hereinafter referred 
to as LD) 300b are integrated on the n type InP substrate 
301. The LD 300b includes a diffraction grating 310, an n 
type InGaAsP light guide layer 302, an undoped InGaAsP 
active layer 303, an undoped InGaAsP buffer layer 304, and a 
P "typ© InP layer 305. The light modulator 300a includes an 
undoped InGaAsP light absorption layer 306, an undoped 
InGaAsP buffer layer 307, and a p type InP cladding layer 
308. An Fe-doped current blocking layer 311 is disposed on 
the p type InP cladding layer 308 and the undoped InGaAsP 
buffer layer 307 of the light modulator 300a and on the p 
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type InP layer 305 of the LD 300b. An InGaAs contact layer 
312 is disposed on the current blocking layer 311. 
Reference numeral 313 designates a p type dopant diffused 
region, and numeral 314 designates an SiN insulating film. 
Reference numerals 315 and 316 designate p side electrodes 
of the modulator and the LD, respectively, and numeral 317 
designates an n side electrode common to the modulator and 
the LD. 

Process steps for fabricating the optical device of 
figures 25(a) -25(b) are illustrated in figures 26(a)-26(i). 

Initially, as illustrated in figure 26(a), a X/4- 
shifted diffraction grating 310 with 240 nm pitch is formed 
on a prescribed region of the (100) surface of the n type 
InP substrate 301 where a laser diode is to be located 
(region B in the figure). 

In the step of figure 26(b), an n type InGaAsP light 
guide layer 302 (X, (wavelength) = 1.3 pm, 0.1 pm thick), an 
undoped InGaAsP active layer 303 (X = 1.57 pm, 0.1 pm 
thick), an undoped InGaAsP buffer layer 304 (X - 1.3 pm, 0.1 
pm thick), and a p type InP layer 305 about 1 pm thick are 
successively grown on the (100) surface of the n type InP 
substrate 301 by liquid phase epitaxy (LPE). Thereafter, a 
photoresist film 320 is deposited on the p type InP layer 
305, and a portion of the resist film 320 in a region where 
a light modulator is to be located (region A in the figure) 



is selectively removed using conventional photolithographic 
techniques. 

In the step of figure 26(c), using the photoresist 
t pattern as a mask, the p type InP layer 305, the undoped 
InGaAsP buffer layer 304, the undoped InGaAsP active layer 
303, and the n type InGaAsP light guide layer 302 are 
selectively dry-etched to expose the surface of the 
substrate 301 in the modulator region A* 

In the step of figure 26(d), an undoped InGaAsP light 
absorption layer 306 having a- band gap energy corresponding 
to a wavelength (X) of 1.44pm and a thickness of 0-3-0.5 pm, 
an undoped InGaAsP buffer layer 307 having a wavelength of 
1.25 pm and a thickness of 0.1-0.3 pm, and a p type InP 
cladding layer 308 about 3 pm thick are successively grown 
by hydride vapor phase epitaxy (VPE). Thereafter, a 
photoresist film 321 is deposited on the p type InP cladding 
layer 308 and patterned in a stripe shape extending in what 
becomes the light guide direction of the LD, using 
conventional photolithographic techniques. 

In the step of figure 26(e), using the photoresist 
pattern as a mask, those epitaxial layers on the substrate 
301 are selectively dry-etched to form a stripe- shaped mesa 
325 having a width of 2 pm. Thereafter, portions pf the 
undoped InGaAsP light absorption layer 306, the undoped 
InGaAsP buffer layer 307, and the p type InP cladding layer 
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308 in the LD region are etched away. Also, a portion of 
the p type InP cladding layer 308 in the modulator region is 
etched away near the boundary between the modulator region 
and the LD region, forming a groove for electrical isolation 
326. 

In the step of figure 26(f), a high resistivity Fe- 
doped InP current blocking layer 311 is grown on the 
substrate 301 at opposite sides of the stripe-shaped mesa 
325 and in the isolation groove 326 by VPE. Subsequently, 
an undoped InGaAs contact layer 312 is grown on the current 
blocking layer 311 by VPE* 

In the step of figure 26(g), a dielectric film 330 is 
deposited over the contact layer 312, and stripe-shaped 
openings are formed in the dielectric film 330 opposite the 
modulator region and the LD region. Using this dielectric 
film as a mask, Zn is selectively diffused into the Fe- doped 
InP current blocking layer 311 and the undoped InGaAs 
contact layer 312 until the diffusion front reaches the 
stripe-shaped mesa 325, forming p type dopant diffused 
regions 313. 

Thereafter, the InGaAs contact layer 312 is selectively 
etched leaving stripe-shaped portions opposite the modulator 
region and the laser region ( figure 26(h)). 

Then, an SiN film 314 is deposited on the stripe-shaped 
InGaAs contact layers 312 and on the Fe-doped InP layer 311, 
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and openings 314a and 314b are formed in the SiN film 314 
using conventional photolithography and etching techniques 
as shown in figure 26(i). 

Finally, a p side electrode metal layer is deposited 
over the SiN film 314 contacting the contact layer 312 
exposed in the openings 314a and 314b and, thereafter, the 
metal layer is patterned to form a p side electrode 315 for 
the light modulator and a p side electrode 316 for the laser 
diode. Further, a common n side electrode 317 is formed on 
the rear surface of the substrate 301, completing the 
optical device shown in figure 25 in which the semiconductor 
"laser 300b and the light modulator 300a are monolithically 
integrated on the same substrate. 

A description is given of the operation. In this 
optical device, since the band gap energy of the undoped 
InGaAsP light absorption layer 306 of the modulator 300a is 
larger than the band gap energy of the active layer 303 of 
the semiconductor laser 300b, light produced in the active 
layer 303 in the stripe-shaped mesa travel's toward the 
undoped InGaAsP light absorption layer 306 of the light 
modulator 300a, and laser light is emitted from the cleaved 
facet of the light absorption layer 306. In this state, 
when no bias voltage is applied across the light modulator 
300a r light traveling toward the front facet passes through 
the light absorption layer 306 and is emitted from the 
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cleaved facet of the light absorption layer 306. Since the 
band gap energy of the light absorption layer 306 is larger 
than the band gap energy of the active layer 303 as 
described above, the laser light traveling through the 
modulator region is not absorbed by the light absorption 
layer 306. On the other hand, when a reverse bias is 
applied across the light modulator 300a with the n side 
electrode 317 on the plus side and the p side electrode 315 
on the minus side, an electric field is applied to the light 
absorption layer 306, and the- effective band gap energy of 
the light absorption layer 306 is reduced due to Franz- 
Keldysh effect as shown in figure 29, whereby the traveling 
laser light is absorbed by the light absorption layer 306, 
i.e., it is not emitted from the facet, in this way, the 
laser output is controlled by applying a reverse bias to the 
light modulator. 

In the integrated semiconductor laser and light 
modulator shown in figure 25, the light absorption layer 306 
of the modulator 300a and the active layer 303 of the LD 
300b are different semiconductor layers having different 
refractive indices and grown in different epitaxial growth 
steps. In addition, when the epitaxial layers 306, 307, and 
308 of the light modulator 300a are grown, the thicknesses 
of these layers unfavorably increase in the vicinity of the 
boundary between the light modulator and the LD. Therefore, 
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the absorption layer 306 of the light modulator is not 
smoothly connected to the active layer 303 and the light 
guide layer 302 of the LD, whereby reflection and scattering 
, occur at the contact part, adversely affecting the optical 
coupling efficiency between the light modulator and the LD. 

When selective growth is carried out using an 
insulating film as a mask, i.e., when a wafer is partially 
masked with an insulating film and crystal growth is carried 
out selectively on part of the wafer where the insulating 
film is absent, the thickness of the grown layer is 
increased in the vicinity of the boundary between the 
unmasked part and the masked part, i.e., so-called edge 
growth occurs. Such edge growth also occurs when crystal 
growth is carried out on a wafer having a step, i.e., 
difference in level, as shown in figure 26(d). That is, in 
figure 26(d), the thicknesses of the layers 306, 307, and 
308 grown on the lower region of the wafer, i.e., the light 
modulator region A, increase in the vicinity of the step. 

The optical coupling efficiency is significantly 
affected by the edge growth. The edge growth caused by the 
step of the wafer increases with an increase in the height 
of the step. In this prior art, the height of the step of 
the wafer is equal to the total of the thicknesses of the 
light guide layer 302, the active layer 303, the undoped 
InGaAsP buffer layer 304, and the p type InP layer 305, 
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i.e., 1.3 pm or more, so that: considerably large edge growth 
occurs . 

Not only the reduction in the optical coupling 
efficiency, the edge growth causes an uneven surface after 
the crystal growth, which adversely affects processing after 
the crystal growth, such as formation of ridge structure. 

Figure 27 is a sectional view schematically 
illustrating an integrated semiconductor laser and light 
modulator disclosed in "Institute of Electronics, 
Information and Communication * Engineers , 1990 Spring 
National Convention Record, C-20, p. 4-295" * In figure 27, 
reference numeral 401 designates an n type InP substrate. A 
light modulator 400a and a laser diode 400b are integrated 
on the n type InP substrate 401. The substrate 401 includes 
a diffraction grating 410 in a region where the LD 400b is 
located . An n type , InGaAsP light absorption and light guide 
layer 402 is disposed on the substrate 401 including the 
diffraction grating 410. An undoped InGaAsP active layer 
403 is disposed on the n type InGaAsP layer 402 in the LD 
region* A p type InP layer 404 is disposed on the active 
layer 403 . A p type InP cladding layer 405 is disposed on 
the n type InGaAsP layer 402 and on the p type InP layer 
404. P type InGaAsP contact layers 406a and 406b are 
disposed on the cladding layer 405 in the modulator region 
and the LD region, respectively. A p side electrode 407 of 
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the modulator is disposed on the contact layer 406a and a p 
side electrode 408 of the LD is disposed on the contact 
l a y er 406b. An n side electrode 409 common to the modulator 
and the LD is disposed on the rear surface of the substrate 
* 401. 

Process steps for fabricating this optical device are 
illustrated in figures 28(a)-28(c). 

Initially, a diffraction grating 410 is formed on a 
part of the substrate 401. Then, a light absorption and 
light guide layer 402 about 0;3 pm thick, an active layer 
403 about 0.15 jam thick, and a p type InP layer 404 about 
m.l ]im thick are successively grown on the substrate by 
MOCVD (figure 28(a)). Thereafter, portions of the p type 
InP layer 404 and the active layer 403 in a region where the 
diffraction grating 410 is absent, i.e., the modulator 
region, are selectively etched away (figure 28(b)). 
Thereafter, a p type InP cladding layer 405 and a p type 
InGaAsP contact layer 406 are grown over the wafer (figure 
28(c)). 

A description is given of the operation. The operating 
principle of this optical device is identical to that of the 
optical device shown in figure 25. That is, when a forward 
bias is applied across the laser diode 400b with the p side 
electrode 408 on the plus side, carriers are injected into 
the active layer 403 and laser oscillation occurs . In this 
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state, when no bias voltage is applied across the light 
modulator 400a, laser light traveling toward the front facet 
passes through the light guide and absorption layer 402 and 
is emitted from the facet of the layer 402. Since the 
band gap energy of the light guide and absorption layer 402 
is larger than the band gap energy of the active layer 403, 
the laser light traveling through the light modulator region 
is not absorbed by the light guide and absorption layer 402. 
On the other hand, when a reverse bias is applied across the 
light modulator 400a with the* n side electrode 409 on the 
plus side and the p side electrode 407 on the minus side, 
electric field is applied to the light guide and absorption 
layer 402, and the effective band gap energy of the light 
absorption layer is reduced due to Franz-Keldysh effect as 
shown in figure 29, whereby the traveling laser light is 
absorbed by the light absorption layer, i.e., it is not 
emitted from the facet . In this way, the laser output is 
controlled by applying a reverse bias to the light 
modulator. 

In the prior art optical device shown in figure 27, 
since the n type InGaAsP layer 402 serves both as a light 
absorption layer of the modulator and a light guide layer of 
the LD, the unwanted reduction in the optical coupling 
efficiency between the light modulator and the LD and the 
uneven surface of the wafer, which are seen in the optical 
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device of figure 25, are avoided. 

However, the optical device shown in figure 27 
including the n type InGaAsP layer 402 serving both as a 
light absorption layer of the modulator and a light guide 
layer of the LD has the following drawbacks. m 

A light absorption layer of a light modulator must be 
depleted when the modulator is reversely biased. In 
addition, it must be a low carrier concentration layer 
(undoped layer) to avoid breakdown. Therefore, if the 
InGaAsP light absorption and light guide layer 402 satisfies 
the above-described conditions for the light absorption 
lckyer, a portion of the layer 402 serving as a light guide 
layer of the LD also has a low carrier concentration. The 
resistance of the LD increases by several ohms at the light 
guide layer, whereby the operating voltage of the LD is 
unfavorably increased. 

Further, the band gap energy of the light absorption 
layer is about 0.05 eV higher than the band gap energy of 
the active layer of the LD . The reason is as follows . In 
order to modulate light, the light modulator must provide a 
band gap energy of the light absorption layer smaller than 
the band gap energy of the active layer by the band gap 
reduction effect achieved when a reverse bias is applied. 
Therefore, the difference in band gap energies between the 
light absorption layer and the active layer should not 
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exceed 0.05 eV that: corresponds to the reduced amount of the 
band gap energy. As shown in figure 29, the absorption 
coefficient of the light absorption layer decreases as the 
wavelength of the light increases. However, since the 
decrease of the absorption coefficient is relatively gentle, 
even when light produced in the LD has a wavelength of 1.55 
pm (band gap energy: 0.8 eV) and no bias is applied to the 
modulator, the light is partly absorbed by the InGaAsP light 
absorption layer having a band gap energy of about 0.85 eV 
(wavelength: 1.46 pm). Therefore, an absorption loss of 
some degree is inevitable in the light guide layer of the LD 
that also serves as the light absorption layer of the 
modulator. As a result, the threshold current of the LD is 
increased or the efficiency of the LD is reduced. 

Figure 30 is a perspective view of an integrated 
semiconductor laser and light modulator disclosed in 
Electronics Letters, 16th January 1992, Vol.28, No. 2, 
pp* 153-154. In the figure, reference numeral 501 designates 
an n type InP substrate. A light modulator 500a and a laser 
diode 500b are integrated on the substrate 501 . The 
substrate 501 includes a diffraction grating 511 in a region 
where the LD 500b is located. There are successively 
disposed on the v substrate 501, an n type InGaAsP guide layer 
502, an n type InP spacer layer 503, an n type InP lower 
cladding layer 506, an intrinsic type (hereinafter referred 
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to as i type) InGaAs/InGaAsP multi -quantum well (hereinafter 
referred to as MQW) layer 507, and a p type InP upper 
cladding layer 508. The lower cladding layer 506, the MQW 
>layer 507 , and the upper cladding layer 508 are formed in a 
^stripe-shaped ridge. The top and opposite sides of the 
ridge are covered with a p type InP layer 509. A p + type 
InGaAsP contact layer 510 is disposed on the p type InP 
layer 509 at the top of the ridge. An Si0 2 insulating film 
512 is disposed over the structure. A p side electrode 513a 
of the light modulator 500a and a p side electrode 513b of 
the LD 500b are disposed on the p + type InGaAsP contact 
layer 510. An n side electrode 514 common to the light 
modulator and the LD is disposed on the rear surface of the 
substrate 501. 

Process steps for fabricating the optical device of 
figure 30 are illustrated n figures 31(a)-31(c). 

Initially, a diffraction grating 511 is formed on a 
part of the substrate 501 where a DFB-LD is to be located. 
Then, an n type InGaAsP guide layer 502 and an n type InP 
spacer layer 503 are grown over the entire surface of the 
substrate 501 including the diffraction grating 511. 
Thereafter, a pair of Si0 2 films 520 with a 2 pm wide gap 

V 

between them are formed on the spacer layer 503 (figure 
31(a)). The width of the Si0 2 film 520 is about 10 pm in 
the DFB-LD region and about 4 ym in the modulator region. 
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In the step of figure 31(b), using the Si0 2 films 520 
as masks, an n type InP cladding layer 506, an i type 
InGaAs/InGaAsP MQW layer 507, and a p type InP cladding 
layer 508 are selectively grown on the spacer layer 503 by 
MOCVD. The respective grown layers 506 - 508 are thicker in 
the region sandwiched by the wider (about 10 pm) portions of 
the Si02 films 520 than in the region sandwiched by the 
narrower (about 4 pm) portions of the Si0 2 films 520. This 
result is attributed to the fact that species reaching the 
Si0 2 masks 520 migrate to the* unmasked region where the 
substrate is exposed and deposited on that region because no 
material deposition occurs on the Si0 2 masks. 

Thereafter, each of the Si0 2 films 520 is etched by 1 
pm from the inside of the stripe along its length to 
increase the gap between the Si0 2 films 520, and a p type 
InP layer 509 is selectively grown covering the MQW 
structure (figure 31(c)). Further, a p + type InGaAsP 
contact layer 510 is selectively grown on the p type InP 
layer 509. 

Thereafter , a portion of the contact layer 510 at the 
boundary of the LD region and the modulator region is etched 
away to provide high electrical isolation. Finally, p side 
electrodes 513a and 513b are formed in the modulator region 
and the LD region, respectively, and an n side electrode 514 
is formed on the rear surface of the substrate 501 to 
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complete the integrated DFB-LD and light modulator shown in 
figure 30. 

A description is given of the operation. As described 
above, the MQW layer 507 in the DFB-LD region is thicker 
than the MQW layer 507 in the modulator region. In a 
quantum well layer, the effective band gap energy (E g ) 
decreases as the thickness of the well layer increases. 
Accordingly, in the MQW layer 507, the band gap energy E gl 
of the DFB-LD is smaller than the band gap energy E g2 of the 
modulator. When the DFB-LD is forward biased for continuous 
oscillation, since E g2 > E gl , laser light (wavelength X ± » 
1.24/E gl ) is not absorbed by the modulator, i.e., it is 
emitted from the facet. On the other hand, when a reverse 
bias is applied across the light modulator, the exciton 
absorption end shifts toward the long wavelength side due to 
quantum confinement Stark effect of the MQW layer, and the 
effective band gap energy E g i 2 of the modulator is smaller 
than the band gap energy of the DFB-LD, i.e., E g t 2 < E gl , 
whereby laser light is absorbed by the light modulator and 
quenched. In this way, on and off of the laser light are 
controlled by varying the voltage applied to the light* 
modulator. 

In the prior art optical device shown in figure 30, 
however, the width of the upper portion of the stripe-shaped 
ridge fabricated between the Si0 2 masks 520 is only 2-3 
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pm, and patterning of "the p side electrodes on such a narrow 
region is very difficult , resulting in poor reproducibility. 
Further, in the stripe-shaped ridge, as shown in the 
sectional view of figure 32 taken along the stripe direction 
of the ridge, the total of the thicknesses of the grown 
layers in the DFB-LD region is 1.5 - 2 times as thick as 
that in the modulator region, so that a step of 1 - 2 pm 
height is formed at the boundary between the LD region and 
the modulator region. This step adversely affects the 
subsequent processing, such as formation of electrodes. In 
addition, since the MQW layer serving as a waveguide layer 
has a step, transmission loss of guided light is unfavorably 
increased. This unwanted increase in the transmission loss 
due to the step of the waveguide MQW layer also occurs in 
the prior art optical device shown in figure 33 . 

Figures 33(a) -33(c) are diagrams illustrating structure 
and production process of an integrated semiconductor laser 
and light modulator, disclosed in Electronics Letters, 7th 
November 1991, Vol. 27, No* 23, pp. 2138-2140. In figure 
33(b), reference characters A and B denote enlarged views of 
semiconductor layers in the modulator region and the laser 
region, respectively. 

In these figures, reference numeral 601 designates an n 
type InP substrate. A light modulator 600a and a laser 
diode 600b are integrated on the substrate 601. The 



substrate 601 includes a diffraction grating 607 in the LD 
region. An n type InGaAsP guide layer 602 is disposed on 
the substrate 601 including the diffraction grating 607. An 
InGaAs/ InGaAsP multiple quantum well (MQW) layer 603 is 
disposed on the guide layer 602. A p type InP cladding 
layer 605 is disposed on the MQW layer 603. P type InGaAsP 
cap layers 606 are disposed on the cladding layer 605 in the 
modulator region and the LD region, respectively. P side 
electrodes 608 and 609 of the light modulator 600a and the 
LD 600b, respectively, are disposed on the respective cap 
layers 606. An n side electrode 610 common to the light 
modulator 600a and the LD 600b is disposed on the rear 
surface of the substrate 601. 

A description is given of the production process. 
Initially, as illustrated in figure 33(a), a 
diffraction grating 607 is formed on a prescribed region of 
the InP substrate 601 where an LD is to be located, and a 
pair of stripe- shaped SiQ 2 films 620 extending in what 
become the light guiding direction of the laser are formed 
on the InP substrate 601 at opposite sides of the 
diffraction grating 607. The size of each SiO^ film 620 is 
about 200 ]im x 400 pm, and the space between the Si0 2 films 
620, I.e./. the width of the region where the diffraction 
grating 607 is present, is about 200 pm. A light modulator 
will be formed on a region of the InP substrate 601 where 
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the diffraction grating 607 and the Si0 2 films 620 are 
absent . 

In the step of figure 33(b), an n type InGaAsP guide 
layer 602, an InGaAs/ InGaAsP multiple quantum layer 603, and 
a p type InP cladding layer 605 are grown on *the substrate 
601 by MOCVD. During the MOCVD growth, since no 
semiconductor material is grown on the Si0 2 films 620, a 
large quantity of species formed in the growth process reach 
the LD region between the Si0 2 films. Therefore, the 
growing layers grow faster in the LD region than in the 
modulator region where the Si0 2 films are absent. Thus, the 
grown layers 602, 603, and 605 in the LD region are 1.5-2 
times as thick as those in the modulator region. That is, 
as illustrated in figure 33(b), the well layer 631b included 
in the MQW layer 603 in the LD region is thicker than the 
well layer 631a included in the MQW layer 603 in the 
modulator region and, therefore, the band gap energy of the 
MQW layer in the modulator region is larger than that in the 
LD region. 

Thereafter, a p type InGaAsP cap layer 606 is formed on 
the p type InP cladding layer 605, and a part of the cap 
layer 606 at the boundary between the LD region and the 
modulator region is etched away. Then, p side electrodes 
608 and 609 are formed on the separated cap layers 606 in 
the modulator region and the LD region, respectively, and a 
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common n side electrode 610 is formed on the rear surface of 
the substrate 601,, completing the optical device shown in 
figure 33(c) in which a semiconductor laser 600a and a light 
modulator 600b are monolithically integrated on the same 
substrate. 

A description is given of the operation. The 
InGaAs/lnGaAsP MQW layer 603 serves as an active layer in 
the LD region and as a light absorption layer in the 
modulator region. When a forward bias is applied across the 
p side electrode 609 of the LD 600b and the common n side 
electrode 610 , carriers are injected into the InGaAs/lnGaAsP 
MQW layer 603 „ and laser oscillation occurs at a wavelength 
that is determined by the effective band gap energy of the 
MQW layer and the diffraction grating 607, The effective 
band gap energy of the MQW layer depends on the thickness of 
the well layer included in the MQW layer, that is, the 
effective band gap energy increases as the thickness of the 
well layer decreases. In the above-described selective 
growth using MOCVD, the well layer is thicker in the DFB-LD 
region than in the modulator region, so that the band gap 
energy E gl of the MQW layer in the DFB-LD region is smaller 
than the band gap energy Eg 2 of the MQW layer in the 
modulator -region. When no bias voltage is applied across 
the light modulator while the DFB-LD is forward biased to 
continuously oscillate the LD, laser light (wavelength Xl = 
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1.24/E gl ) is not absorbed in the modulator region because 
E g2 is larger than E gl . The laser light is emitted from the 
facet. On the other hand, when a reverse bias is applied 
across the light modulator, the exciton absorption end is 
shifted toward the long wavelength side due to quantum 
confinement Stark effect of the MQW layer, and the effective 
band gap energy Egi 2 in the modulator region is smaller than 
the effective band gap energy E gl in the DFB-LD region," 
whereby laser light is absorbed by the light modulator and 
quenched. Therefore, on and off of the laser light are 
controlled by varying the voltage applied to the light 
modulator. 

Figure 34 is a sectional view illustrating an 
integrated semiconductor laser and light modulator disclosed 
in Japanese Published Patent Application No. Hei. 4-100291. 
In the figure, reference numeral 701 designates an n type 
InP substrate. A light modulator 700a and a laser diode 
700b are integrated on the InP substrate 701. An n type InP 
buffer layer 704 is disposed on the InP substrate 701. An n 
type InGaAsP guide layer 705 is disposed on the buffer layer 
704. An InGaAs/ InGaAsP MQW layer 706 is disposed on the 
guide layer 705. A p type InGaAsP guide layer 707 is 
disposed on the MQW layer 706. The p type InGaAsP guide 
layer 707 includes a diffraction grating 708 in the LD 
region. A p type InP cladding layer 710 is disposed on the 
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p type InGaAsP guide layer 707 including the diffraction 
grating 708. Two p + type InGaAsP cap layers 711 are 
respectively disposed on the cladding layer 710 in the 
.modulator region and the LD region. P side electrodes 716a 
and 716b of the modulator 700a and the LD 700b, 
respectively, are disposed on the respective cap layers 711. 
An n side electrode 717 common to the light modulator and 
the Lb is disposed on the rear surface of the substrate 701. 
Reference numeral 715 designates an Si0 2 insulating film. 

Figures 35(a)-35(j) are diagrams illustrating process 
steps for fabricating the optical device of figure 34, in 
which figures 35(a), 35(b), and 35(e) are perspective views, 
figures 35(c), 35(d), 35(f), and 35(g) are sectional views 
taken along the resonator lenjgth direction, and figures 
35(h), 35(i), and 35 (j) are sectional views perpendicular to 
the resonator length direction. 

Initially, as illustrated in figure 35(a), a pair of 
Si0 2 films 720, each having a width of about 100 pm, are 
formed on a prescribed region of the substrate 701 where an 
LD is to be located. A stripe-shaped region 721 sandwiched 
by the Si0 2 films 720 is about 30 pm wide. A light 
modulator will be located in a region of the substrate 701 
where the S±02 films 720 are absent. 

In the step of figure 35(b), the substrate 701 is 
etched using the SiQ 2 films 720 as masks. The etching rate 
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of the substrate in the stripe-shaped region 721 sandwiched 
by the Si0 2 films 720 (LD region) is higher than the etching 
rate of the substrate in the other region (modulator 
region), so that the region 721 is etched deeper than the 
modulator region, resulting in a stripe-shaped groove 722. 
Thereafter, using the Si0 2 films 720 as masks for selective 
growth, an n type InP buffer layer 704, an n type InGaAsP 
guide layer 705, an InGaAs/ InGaAsP multiple quantum well 
layer 706, and a p type InGaAsP guide layer 707 are 
successively grown on the substrate 701 by MOCVD (first 
MOCVD process). During the first MOCVD process, since 
species produced in the growth process are not deposited on 
the Si0 2 masks 720, a large quantity of the species reach 
the groove 722 between the Si0 2 masks, so that the growth 
rate in the groove 722 is higher than the growth rate on the 
other region, i.e., the modulator region. As a result, 
those grown layers 704 to 707 are thicker in the LD region 
than in the modulator region. The resulting structure after 
the first MOCVD process is shown in a sectional view in 
figure 35(c). 

After removal of the Si0 2 films 720 , a primary 
diffraction grating 708 having a pitch of 2400 A is formed 
on the guide layer 707 in the LD region (figure 35(d)). 
Thereafter, a pair of SiO z films 723, each having a width of 
about 100 pm, are formed on the guide layer 707 in the 
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modulator region. A stripe- shaped region sandwiched by the 
Si0 2 films 723, where the guide layer 707 is exposed, is 
about 30 pm wide. Then, a p type InP cladding layer 710 and 
a p + type InGaAsP cap layer 711 are successively grown over 
the wafer by MOCVD (second MOCVD process). These layers 710 
and 711 are thicker in the region sandwiched by the Si0 2 
masks 723 (the modulator region) than in the region where 
the Si0 2 masks 723 are absent (the LD region). The wafer 
before the second MOCVD of the cladding layer 710 and the 
cap layer 711 is thinner in the modulator region than in the 
LD region, and these layers 710 and 711 grown in the second 
MOCVD process are thicker in the modulator region than in 
the LD region, so that the thickness of the whole wafer 
after the second MOCVD process is uniform. The resulting 
structure is shown in a sectional view in figure 35(f). 

As illustrated in figure 35(g), a part of the cap layer 
711 at the boundary between the LD region and the modulator 
region is etched away. Thereafter, a stripe-shaped Si0 2 
film 724 extending in what becomes the resonator length 
direction of the laser is formed on the wafer. Using the 
Si0 2 film 724 as a mask for selective etching, the 
respective semiconductor layers are etched in a mesa shape 
as shown in figure 35(h). Then, using the Si0 2 film 724 as 
a mask for selective growth, a high resistivity Fe-doped InP 
layer 725 is grown on the InP substrate 701 contacting the 
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opposite sides of the mesa (figure 35(i)). After removal of 
the Si0 2 film 724, an Si0 2 insulating film 715 is deposited 
over the wafer and patterned to form two contact holes in 
the modulator region and the LD region, respectively. To 
complete the structure of figure 34, p side electrodes 716a 
and 716b are formed in the modulator region and the LD 
region, respectively, and a common n side electrode 717 is 
formed on the rear surface of the substrate 701 . Figure 
35 (j) is a sectional view of the completed device taken 
along a plane perpendicular to the resonator length 
direction. 

The operating principle of the optical device shown in 
figure 34 fabricated according to the above-described 
process steps is identical to those of the optical devices 
shown in figures 30 and 33. That is, in the structure of 
figure 34, the InGaAs/InGaAsP MQW layer 706 serves as an 
active layer in the LD region and as a light absorption 
layer in the light modulator region* When a forward bias is 
applied across the p side electrode 716b of the LD 700b and 
the n side electrode 717, carriers are injected into the 
InGaAs/InGaAsP MQW layer 706, and laser oscillation occurs 
at a wavelength determined by the effective band gap energy 
of the MQW layer and the diffraction grating 708. The 
effective band gap energy of the MQW layer depends on the 
thickness of the well layer included in the MQW layer 706, 
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i.e., the band gap energy increases as the thickness of the 
well layer decreases. In the above-described selective 
growth using MOCVD, the well layer is thicker in the LD 
region than in the modulator region, so that the effective 
band gap energy E gl of the MQW layer in the LD region is 
smaller than the effective band gap energy E g2 of the MQW 
layer in the modulator region. When no bias is applied 
across the light modulator and the DFB-LD is forward biased 
to continuously oscillate the LD, the laser light 
(wavelength Xl = 1.24/E gl ) is not absorbed in the modulator 
region because E g2 is larger than E gl . The laser light is 
emitted from the facet. On the other hand, when a reverse 
bias is applied across the light modulator, the exciton 
absorption end is shifted toward the long wavelength side 
due to quantum confinement Stark effect of the MQW layer, 
and the effective band gap energy E g r 2 in the modulator 
region is smaller than the effective band gap energy E gl in 
the LD region, whereby laser light is absorbed by the light 
modulator and quenched. Therefore, on and off of the laser 
light can be controlled by varying the voltage applied to 
the light modulator. 

In the prior art optical devices shown in figures 30, 
33(a)-33(c), and 34, the MQW layer serves both as an active 
layer of the LD and a light absorption layer of the 
modulator, and the band gap energy of the MQW layer is 
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varied by varying the thickness of the well layer included 
in the MQW layer. Therefore, an optimum design of the MQW 
structure for each of the active layer and the light 
absorption layer is impossible. For example, in a long 
wavelength quantum well LD, a quantum well active layer is 
desired to have about five well layers each having a 
thickness of 4 - 8 nm. When the total thickness of the 
quantum well layers is increased by increase in the number 
of the well layers or in the thickness of each well layer, 
the light confinement effect is encouraged too much, whereby 
an elliptic laser light, that is long in the direction 
perpendicular to the respective layers of the laser, is 
emitted. In this* case, it is difficult to narrow the 
emitted laser light. On the other hand, in the light 
modulator, the quantum well light absorption layer is 
desired to have about 10 well layers each having a thickness 
of about 8 nm. If the well layer is too thick, the voltage 
required for shifting of wavelength is increased. If the 
well layer is too thin, the shifting of wavelength is 
reduced.. Further, if the number of the well layers included 
in the quantum well light absorption layer is too small, the 
light confinement coefficient is reduced, and the extinction 
ratio is reduced. 

As described above, the optimum design values for the 
quantum well active layer of the LD are different from those 
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for the quantum well light absorption layer of the 
modulator. However, in the structure shown in figure 34, 
the well layer of the LD is inevitably 1.5 - 2 times as 
thick as the well layer o£ the light modulator. If the well 
layer of the LD takes the optimum thickness, the well layer 
of the modulator is much thinner than the optimum thickness. 
In this case, the shift of the absorption end when the 
electric field is applied, which is in proportion to the 
biquadrate of the well layer thickness, is decreased or the 
light confinement coefficient' in the well layer, which is in 
proportion to the well layer thickness, is reduced, 
"resulting in insufficient light absorption that causes 
Insufficient extinction characteristics. 

On the contrary, if the well layer of the light 
modulator takes the optimum thickness, the well layer of the 
LD is too thick, so that improvement in LD characteristics 
due to the quantum well is not achieved. Further, since the 
thickness of the active layer is increased, the vertical 
mode of the light distribution does not take the fundamental 
mode. 

Further, since the LD and the light modulator includes 
the well layers of the same number, the degree of freedom in 
design is low, so that it is very difficult to solve the 
above-described problems. As a result, if characteristics 
of the LD are given priority, characteristics of the light 
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modulator are sacrificed, and vice versa. 

In the integrated semiconductor laser and light 
modulator shown in figure 34, the width of the Si0 2 film 720 
used as a mask for selective growth is as wide as 100 pm, 
and the interval between the adjacent Si0 2 films 720 is only 
30 pm, polycrystalline material is unfavorably deposited on 
the"Si0 2 films during the selective growth, which makes it 
difficult to remove the Si0 2 films after the selective 
growth. In addition, the thickness of the layer grown in 
the stripe-shaped groove 722 between the Si0 2 masks 720 
varies in the width direction of the groove 722. That is, 
the grown layer is thicker in the vicinity of the Si0 2 masks 
720 than in the center between the Si0 2 masks 720. 

gTTMMARY fi F THE INVENT I ON 

It is an object of the present invention to provide a 
distributed feedback semiconductor laser having a coupling 
constant equivalent to a design value. 

It is another object of the present invention to 
provide an integrated semiconductor laser and light 
modulator that reduces the difference in level at the 
junction of the laser and the modulator to facilitate the 
fabrication process, and that reduces the absorption loss 
and the resistance of the laser diode. 

It is still another object of the present invention to 
provide a method for fabricating a semiconductor optical 
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device including relatively simple process steps for 
fabricating electrodes and the like, providing high 
reproducibility and good yield, and reducing the loss of 
light in a waveguide boundary region. 

It is yet another object of the present invention to 
provide an integrated semiconductor laser and light 
modulator in which the laser and the light modulator are 
optimized individually and the optical coupling efficiency 
between the laser and the light modulator is improved. 

Other objects and advantages of the present invention 
will become apparent from the detailed description that 
follows. The detailed description and specific embodiments 
described are provided only for illustration since various 
additions and modifications within the scope of the 
invention will be apparent to those of skill in the art from 
the detailed description. 

According to a first aspect of the present invention, a 
semiconductor optical device includes a first semiconductor 
layer, a diffraction grating formed on the first 
semiconductor layer, which is made of portions of a 
superlattice layer comprising alternatingly arranged second 
semiconductor layers comprising a semiconductor material in 
which mass transport hardly occurs and third semiconductor 
layers comprising a semiconductor material different from 
the material of the second semiconductor layers, and a 
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fourth semiconductor layer deposited on the diffraction 
grating by vapor phase deposition so that the diffraction 
grating is buried by the fourth semiconductor layer. In 
this structure, since the second semiconductor layers in 
which mass transport hardly occurs are included in the 
diffraction grating, the shape of the diffraction grating is 
maintained during the vapor phase deposition of the fourth 
semiconductor layer. Therefore, the thickness, amplitude, 
and pitch of the diffraction grating that determine the 
optical coupling constant are' controlled with high 
precision. 

According to a second aspect of the present invention, 
a semiconductor optical device in which a semiconductor 
laser diode and a light modulator for modulating laser light 
produced in the laser diode are integrated on a substrate, 
comprises a light absorption layer of the light modulator 
comprising a part of a semiconductor layer grown on the 
substrate, and a diffraction grating of the semiconductor 
laser diode comprising a plurality of stripe-shaped portions 
of the semiconductor layer other than the part of the light 
absorption layer. Those stripe- shaped portions of the 
diffraction grating are periodically arranged parallel to 
each other and, perpendicular to the light guiding layer of 
the laser diode. Therefore, an integrated semiconductor 
laser and light modulator having reduced absorption loss and 
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resistance in the semiconductor laser diode region is 
achieved. 

According to a third aspect of the present invention , 
v in the above-described integrated semiconductor laser and 
light modulator, a portion of the semiconductor layer to be 
a light guide layer of the semiconductor laser is thinned by 
etching and then that portion is patterned in a diffraction 
grating- Therefore , the absorption loss and the resistance 
in the semiconductor laser region are further reduced. 

According to a fourth aspect of the present invention, 
in a method for fabricating a semiconductor optical device, 
■ initially, a lower cladding layer of a first conductivity 
type, an active layer, and a first upper cladding layer of a 
second conductivity type, opposite the first conductivity 
type, are successively on a first conductivity type 
semiconductor substrate. Then, portions of the first upper 
cladding layer and the active layer in a region where a 
light modulator is to be located are removed and, 
thereafter, a semiconductor layer having a band gap energy 
larger than that of the active layer over the entire surface 
of the wafer. A portion of the semiconductor layer in a 
region where a laser diode is to be located is formed in a 
diffraction grating, i.e., the diffraction grating comprises 
a plurality of stripe-shaped portions of the semiconductor 
layer which are periodically arranged parallel to each other 



r 1 



- 36 - 



and perpendicular to what: becomes the light: guiding 
direction of the laser diode. Finally, a second 
conductivity type second upper cladding layer comprising a 
semiconductor material of the same composition as the first 
upper cladding layer is grown over the entire surface of the 
wafer so that the diffraction grating is embedded in the 
first and second upper cladding layers. Therefore, an 
integrated semiconductor laser and light modulator having 
reduced absorption loss and resistance in the semiconductor 
laser diode region is fabricated. 

According to a fifth aspect of the present invention, 
in the above- described method for fabricating a 
semiconductor optical device, before the formation of the 
diffraction grating, a portion of the semiconductor layer 
having a band gap energy than that of the active layer in a 
region where a laser diode is to be located is thinned by 
etching. Therefore, the absorption loss and the resistance 
in the semiconductor laser diode region are further reduced. 

According to a sixth aspect of the present invention, 
in a method for fabricating a semiconductor optical device 
in which a plurality of function elements are integrated, 
initially, a semiconductor wafer comprising a semiconductor 
substrate and % at least a current blocking layer grown on the 
substrate is prepared, and a pair of masks are formed on the 
wafer with a stripe-shaped region of the wafer exposed 
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between the masks. Each mask has portions of different 
widths corresponding to the respective function elements. 
Using the masks, the wafer is selectively etched by vapor 
'phase etching to form a stripe- shaped groove penetrating 
through the current blocking layer. Then, using the masks, 
a cladding layer of a first conductivity type, a multiple 
quantum well layer, and a cladding layer of a second 
conductivity type, opposite the first conductivity type, are 
selectively grown in the stripe-shaped groove. After 
removal of the masks, a second conductivity type 
semiconductor layer is grown over the entire surface of the 
wafer so that the surface of the second conductivity type 
semiconductor layer be flat. The flat surface of the wafer 
after the crystal growth process facilitates subsequent 
processing, such as formation of electrodes, whereby 
reproducibility and production yield are improved. Further, 
in the selective etching using the masks, the resulting 
stripe-shaped groove is deeper in a region sandwiched by 
relatively wide portions of the masks than in a region 
sandwiched by relatively narrow portions of the masks. On 
the other hand, in the selective crystal growth using the 
masks, the grown layers are thicker in the region sandwiched 

v. 

by the relatively wide portions than in the region 
sandwiched by the relatively narrow portions. Since these 
two effects are offset each other, a difference in level at 
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the boundary between the function elements is reduced , 
whereby subsequent processing, such as formation of 
electrodes, is facilitated. Further, the optical 
transmission loss at the waveguide boundary part is reduced. 

According to a seventh aspect of the present invention, 
in a method for fabricating a semiconductor optical device 
in which a plurality of function elements are integrated, 
first of all, a semiconductor wafer having a {100} surface 
orientation is prepared, and a pair of masks are formed on 
the surface of the wafer so that a stripe-shaped region of 
the wafer extending in a [Oil] direction is exposed between 
the masks. Each mask has portions of different widths 
corresponding to the respective function elements. Using 
the masks, a cladding layer of a first conductivity type, a 
multiple quantum well layer, and a cladding layer of a 
second conductivity type, opposite the first conductivity 
type, are selectively grown on the wafer, forming a stripe- 
shaped mesa having a triangular cross section in the stripe- 
shaped region between the masks. After removal of the 
masks, a current blocking layer is grown to bury the stripe- 
shaped mesa, leaving a top portion of the mesa unburied. 
Finally, a second conductivity type semiconductor layer is 
grown to completely bury the mesa and make the surface of 
the wafer flat. The flat surface of the wafer after the 
crystal growth process facilitates subsequent processing, 
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accordance with a first embodiment of the present invention. * 
Figures 2(a)-2(d) are sectional views and a perspective 

view illustrating process steps in a method for fabricating 
'the semiconductor laser of figures 1(a) -1(b), 

Figure 3 is a perspective view illustrating an 

integrated DFB-LD and light modulator in accordance with a 

second embodiment of the present invention. 

Figure 4 is a sectional view of the structure shown in 

figure 3 taken along the resonator length direction of the 

DFB-LD. 

Figure 5 is a sectional view of an integrated DFB-LD ' 
arid light modulator taken along the resonator length 
direction of the DFB-LD, in accordance with a third 
embodiment of the present invention. 

Figures 6(a) -6(h) are perspective views illustrating 
process steps in a method for fabricating the structure 
shown in figure 3. 

Figure 7 is a diagram for explaining light absorption 
characteristics of a multiple quantum well absorption layer. 

Figure 8 is a perspective view illustrating an 
integrated DFB-LD and light modulator in accordance with a 
fourth embodiment of the present invention. 

Figure 9 is a sectional view taken along a line 9-9 of 
figure 8. 

Figures 10( a) -10(d) are perspective views illustrating 
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process steps in a method for fabricating the structure of 
figure 8. 

Figures 11(a) and 11(b) are sectional views taken along 
a line lla-lla of figure 10(b) and a line llb-llb of figure 
10(b), respectively . 

Figure 12 is a perspective view illustrating an 
integrated DFB-LD and light modulator in accordance with a 
fifth embodiment of the present invention. 

Figure 13 is a sectional view taken along a line 13-13 
of figure 12. 

Figure 14 is a perspective view illustrating a 
wavelength variable DBR-LD (Distributed Bragg-Ref lector 
Laser Diode) in accordance with a sixth embodiment of the 
present invention. 

Figure 15 is a sectional view taken along a line 15-15 
of figure 14. 

Figure 16 is a perspective view illustrating an 
integrated DFB-LD and light modulator in accordance with a 
seventh embodiment of the present invention. 

Figure 17 is a sectional view taken along a line 17-17 
of figure 16. 

Figures 18(a) -18(c) are perspective views illustrating 
process steps in a method for fabricating the structure of 
figure 16. 

Figure 19 is a sectional view illustrating an 
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such as formation of electrodes, whereby reproducibility and 
production yield are improved • ' 

According to an eighth aspect of the present invention, 
■ a semiconductor optical device in which first and second 
function elements are integrated on a substrate, includes a 
first multiple quantum well layer having a relatively thick 
portion in a region where the first element is located and a 
relatively thin portion in a region where the second element 
is located, and a second multiple quantum well layer having 
a relatively thin portion in the region where the first 
element is located and a relatively thick portion in the 
region where the second element is located. Therefore, each 
of the first and second multiple quantum well layers 
includes well layers of optimum thickness and number f or- 
each function element, resulting in a semiconductor optical 
device with improved characteristics. 

According to a ninth aspect of the present invention, 
in a method for , fabricating a semiconductor optical device 
in which a first and second function elements are integrated 
on a semiconductor substrate, initially, a first mask 
pattern for selective growth is formed on a region of the 
semiconductor substrate where the first function element is 
to be located. Using the first mask pattern, a first 
multiple quantum well layer is grown on the semiconductor 
substrate by vapor phase deposition so that the thickness of 
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the first multiple quantum well layer be larger in the 
region where the first element is to be located than in a 
region where the second function element is to be located . 
After removal of the first mask pattern, a second mask 
pattern for selective growth is grown on the , region where 
the second function element is to be located and, using the 
second mask pattern, a second multiple quantum well layer is 
grown on the first multiple quantum well layer by vapor 
phase deposition so that the thickness of the second 
multiple quantum well layer be larger in the region where 
the second function element is to be located than in the 
region where the first function element is to be located. 
Therefore, the thickness and number of well layers included 
in each of the first and second multiple quantum well layers 
can be optimized for each function element, whereby a 
semiconductor optical device with improved characteristics 
is easily fabricated. Further, the thicknesses of the first 
and second multiple quantum well layers gradually vary at 
the boundary between the first and second element regions, 
so that the distribution of light is not suddenly changed, 
resulting in a semiconductor optical device with high 
optical coupling efficiency. 

BRIEF DESCPTPTTDKr OF THE DRAWINGS 

Figures 1(a) and 1(b) are a perspective view and a 
sectional view illustrating a semiconductor laser in 
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integrated DFB-LD and light modulator in accordance with an 
eighth embodiment of the present invention. 

Figures 20(a) -20(d) are perspective views and sectional 
s views illustrating process steps in a method for fabricating 
"the structure of figure 19. 

Figure 21 is a diagram illustrating refractive index 
distributions and light intensity distributions in a 
direction perpendicular to a light guide structure of the 
device shown in figure 19. 

Figures 22(a) and 22(b) are graphs illustrating band 
gap wavelength vs. well layer thickness characteristics of 
an active layer and a light absorption layer, respectively, 
included in the device shown in figure 19. 

Figure 23 is a perspective view illustrating a DFB 
semiconductor laser according to the prior art. 

Figures 24(a) -24(d) are sectional views and a 
perspective view illustrating process steps in a method for 
fabricating the semiconductor laser of figure 23. 

Figures 25(a) and 25(b) are a perspective view and a 
sectional view illustrating an integrated DFB-LD and light 
modulator according to the prior art. 

Figures 26(a)-26(i) are sectional views and perspective 
views illustrating process steps in a method for fabricating 
the device shown in figures 25(a)-25(b). 

Figure 27 is a sectional view illustrating an 
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integrated DFB-LD and light modulator in accordance with the 
prior art. 

Figures 28(a) -28(c) are sectional views illustrating 
process steps in a method for fabricating the structure of 
figure 27. v 

Figure 29 is a diagram for explaining light absorption 
characteristics of a light absorption layer comprising a 
bulk crystal. 

Figure 30 is a perspective view illustrating an 
integrated DFB-LD and light modulator in accordance with the 
prior art. 

Figures 31(a)-31(c) are perspective views illustrating 
process steps in a method for fabricating the structure of 
figure 30. 

Figure 32 is a sectional view for explaining problems 
in the integrated DFB-LD and light modulator shown in figure 
30. . 

Figures 33(a)-33(c) are diagrams illustrating process 
steps in a method for fabricating an integrated DFB-LD and 
ligfht. modulator in accordance with the prior art. 

Figure 34 is a sectional view illustrating an 
integrated DFB-LD and light modulator in accordance with the 
prior art.. v 

Figures 35(a)-35(j) are perspective views and sectional 
views illustrating process steps in a method for fabricating 
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the structure of figure 34. 

HFTATT/ED nP!.qrPTPTTDM OF TUF! PREFERRED EMBODIMENTS 

Figure 1(a) is a perspective view, partially in 
* section, illustrating a semiconductor laser in accordance 
with a first embodiment of the present invention, and figure 
1(b) is a sectional view of a part of the semiconductor 
laser shown in figure 1(a) taken along the resonator length 
direction. 

In these figures, reference numeral 1 designates an n 
type InP substrate. An n type InP lower cladding layer 2 is 
disposed on the substrate 1. An n type InGaAsP active layer 
3 is disposed on the lower cladding layer 2. A p type InP 
first upper cladding layer 4a is disposed on the active 
layer 3. A diffraction grating 5 comprising alternatingly 
arranged p type InGaAs layers 5a and p type InP layers 5b is 
disposed on the first upper cladding layer 4a. V The 
uppermost layer of the diffraction grating 5 is the p type 
InGaAs layer 5a. A p type InP second upper cladding layer 
4b is disposed on the first upper cladding layer 4a and on 
the diffraction grating 5. A p type InGaAs contact layer 6 
id disposed on the second upper cladding layer 4b. The 
double-hetero junction structure comprising the active layer 
3, the lower cladding layer 2, and the upper cladding layers 
4a and 4b is formed in a narrow stripe-shaped mesa. An n 
type InP mesa embedding layer 9 is disposed on the substrate 
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1, contacting opposite sides of the stripe-shaped mesa. A p 
type InP current blocking layer 10 and an n type InP current 
blocking layer 11 are successively disposed on the mesa 
embedding layer 9 at the opposite sides of the mesa. An 
insulating film 12 including a window opposite the stripe- 
shaped mesa is disposed on the top and side surfaces of the 
laser structure. A p side electrode 7 is disposed on the 
insulating film 12, contacting the InGaAs contact layer 6 
through the window in that insulating film 12. An n side 
electrode 8 is disposed on the rear surface of the substrate 
1. 

A method of fabricating the laser structure of figures 
l(a)-l(b) is illustrated in figures 2(a)-2(d). 

Initially, as illustrated in figure 2(a), an n type InP 
lower cladding layer 2 about 1.5 pm thick, an n type InGaAsP 
active layer 3 about 0.1 pm -thick, a p type InP first upper- 
cladding layer 4a about: 1 pm thick, and a super lattice layer 
about 400 A thick and comprising alternating p type InP 
layers 5a and p type InGaAs layers 5b are successively grown 
on the n type InP substrate 1, preferably by MOCVD. 

A photoresist film (not shown) is deposited on the 
siiperlattice layer and patterned by two-luminous- flux 
interference exposure method. This structure is etched 
using the photoresist pattern as an etching mask until the 
etching front reaches into the p type InP first upper 
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cladding layer 4a. Preferably, chemical etching using HBr 
system etchant is employed. As a result of that etching, a 
periodic pattern of stripe- shaped grooves that are parallel 
«to each other in the resonator length direction of the laser 
*<£s formed in the supper lattice layer, producing a 
diffraction grating 5 ( figure 2(b)). 

After removal of the photoresist pattern, a p type InP 
second upper cladding layer 4b is grown over the entire 
surface of the wafer to embed the diffraction grating 5, 
preferably by MOCVD ( figure 2(c) ) . In the vapor phase 
growth of the second upper cladding layer 4b, if the 
diffraction grating comprises only an InGaAsP layer as in 
the prior art, phosphorus (P) having a relatively high vapor 
pressure evaporates from the InGaAsP layer and mass 
transport of group-Ill elements (In and Ga) occurs, i.e., a 
lot of group-Ill elements are transferred to the bottom of 
the grooves, whereby the shape of the diffraction grating is 
not maintained. 

In order to avoid the above-described problem, in this 
first embodiment of the present invention, the diffraction 
grating 5 is formed by patterning the super lattice layer in 
which the layers 5a comprising a semiconductor material 
having a refractive index higher than desired for the whole 
diffraction grating and restraining the mass transport, such 
as *no.53 Ga 0.47 As ' and the layers 5b comprising a 



- 48 



semiconductor material having a refractive index lower than 
desired for the whole diffraction grating, such as InP, are 
alternatingly arranged with the layer 5a at the surface. 
, Since the InGaAs layer 5a including no phosphorus (P), that 
has a high vapor pressure and causes the mass transport, is 
present at the top of the diffraction grating 5, the shape 
of the diffraction grating 5 is maintained. 

The laser structure is selectively etched to form a 
stripe-shaped mesa structure shown in figure 2(d)- 
Thereafter, an n type InP layer 9, a p type InP current 
blocking layer 10, and an n type InP current blocking layer 
11 are successively grown on the substrate 1 at opposite 
sides of the mesa structure. Then, a p type InGaAs contact 
layer 6 is formed on the entire surface of the wafer. To 
complete the laser structure shown in figure 1(a), an 
insulating film 12 is deposited and a window in that film is 
opened, followed by the formation of the p side and n side 
electrodes 7 and 8. 

A description is given of the operation. In the DFB 
semiconductor laser fabricated as described above, when a 
forward bias is applied across the p side electrode 7 and 
the n side electrode 8, electrons and holes are injected 
into the active layer 4 and recombine to produce light. 

Since the semiconductor laser of this first embodiment 
has a waveguide structure as the prior art laser, the 
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produced light: travels in a direction parallel to the active 
layer 3, Further, the effective refractive index of light 
traveling toward the upper cladding layer is changed by the 
periodic diffraction grating 5 and Bragg-ref lected, 
resulting in laser oscillation. The coupling 'constant that 
indicates the ratio of light subjected to distributed 
feedback is determined by the thickness , amplitude, pitch, 
and the like of the diffraction grating. In this 
embodiment, since the shape of the diffraction grating is 
maintained when the p type InP second upper cladding layer 
4b is grown thereon, the coupling constant can be set at a 
desicjn value with high reproducibility. 

The refractive index and thickness of the diffraction 
grating layer are important parameters to determine the 
coupling constant. In the prior art laser device, for 
example, a p type InGaAsP layer having a refractive index of 
3.3 and a thickness of 400 A is employed as the diffraction 
grating layer. 

In this embodiment of the present invention, a 
diffraction grating layer having a refractive index of 3.3 
and a thickneiss of 400 A is achieved by alternatingly 
arranging four p type InP layers 5b (70 A thick, refractive 

v. 

index « 3.2) and fbur p type In o.53 Ga 0.47 As la Y ers 5a (30 A 
thick, refractive index = 3.5) • Further, the refractive 
index of the diffraction grating layer is easily controlled 
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by varying the ratio of the thickness of the layer 5a 
restraining the mass transport to the thickness of the layer 
5b facilitating the mass transport. 

While in the above-described first embodiment a DFB 
semiconductor laser including a conductive n. type InP 
substrate is employed , the present invention may be applied 
to other elements including a semi -insulating substrate or a 
p type InP substrate. In addition, the present invention 
may be applied to DFB semiconductor lasers comprising GaAs 
or other semiconductor materials. 

Furthermore, while in the above-described first 
embodiment a DFB semiconductor laser is employed, the 
present invention may be applied to other elements including 
gratings, for example, a waveguide type grating filter or a 
reflection type grating polarizer. 

Figure 3 is a perspective view, partially in section, 
illustrating an integrated semiconductor laser and light 
modulator in accordance with a second embodiment of the 
present invention. Figure 4 is a sectional view of the 
structure of figure 3 taken along resonator length direction 
of the laser. 

In these figures, reference numeral 21 designates an n 
type InP substrate. A light modulator 20a and a laser diode 
20b are integrated on the InP substrate 21. An n type InP 
buffer layer (lower cladding layer) 22 is disposed on the 



substrate 21. An InGaAsP active layer 23 (band gap energy 
Eg = 0.80 eV) of the LD 20b is disposed on a part of the 
buffer layer 22. A p type InP barrier layer 24 is disposed 
on the active layer 23. A diffraction grating 28 is 
disposed on the barrier layer 24. The diffraction grating 
28 comprises a periodic pattern of stripe-shaped portions 
25b of an InGaAsP light guide layer (E g = 0.85 eV). An 
InGaAsP light absorption layer 25a of the modulator 20a is 
disposed on a part of the buffer layer 22 where the active 
layer 23 is absent. A p type InP cladding layer 26 is 
disposed on the light absorption layer 25a, the barrier 
layer 24, and the diffraction grating 28. P type InGaAsP 
contact layers 27a and 27b are disposed on the cladding 
layer 26. A p side electrode 30 of the modulator 20a is 
disposed on the contact layer 27a, and a p side electrode 31 
of the LD 20b is disposed on the contact layer 27b. An n 
side electrode common to the modulator and the LD is 
disposed on the rear surface of the substrate 21. Reference 
numeral 32 designates a high resistivity InP layer, and 
numeral 33 designates an insulating film. 

A method for fabricating the structure of figure 3 is 
illustrated in figures 6(a)-6(h). In figures 6(a)-6(h), the 
same reference numerals as in figures 3 and 4 designate the 
same parts. 

Initially, as illustrated in figure 6(a), an n type InP 
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buffer layer 22, an InGaAsP active layer 23, and a p type 
InP barrier layer 24 are successively grown on the n type 
InP substrate 21 by MOCVD. 

In the step of figure 6(b), portions of the p type InP 
barrier layer 24 and the InGaAsP active layer 23 in a region 
where a light modulator is to be located (hereinafter 
referred to as modulator region) are selectively removed by 
photolithography and etching. 

In the step of figure 6(c), an InGaAsP light absorption 
and light guide layer 25 about 0.3 thick is grown over 
the entire surface of the wafer. 

In the step of figure 6(d), the modulator region of the 
wafer is covered with a photoresist film 34, and a portion 
of the InGaAsP light absorption and light guide layer 25 to 
be a light guide layer of the LD is etched to a thickness of 
about 500 A. Thereafter, as illustrated in figure 6(e), a 
periodic pattern of stripe-shaped grooves are formed in the 
light guide layer 25, reaching into the p type InP barrier 
layer 24, whereby a diffraction grating 28 comprising a 
plurality of stripe-shaped island portions 25b of the light 
guide layer 25 is fabricated. 

In the step of figure 6(f), a p type InP upper cladding 
layer 26 is formed over the entire surface of the wafer. 
Thereafter, those layers grown on the substrate 21 are 
formed in a stripe-shaped mesa by etching (figure 6(g)), and 
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Fe-doped InP layer is grown on the substrate 21 contacting 
opposite sides of the mesa. Thereafter, a p type InGaAsP 
contact layer 27 is formed on the entire surface of the 
wafer. 

Thereafter, a portion of the p type InGaAsP contact 
layer 27 opposite the boundary between the LD and the 
modulator is removed to electrically separate the LD from 
the modulator. To complete the structure of figure 3, p 
side electrodes 30 and 31 and a common n side electrode 29 
are produced. 

The operating principle of the integrated semiconductor 
laser and light modulator shown in figure 3 is identical to 
those of the prior art devices already described with 
respect to figures 25(a)-25(b) and 27. 

In the integrated semiconductor laser and light 
modulator according to the second embodiment of the present 
invention, the thickness of the light guide layer of the LD, 
i.e., a portion of the light guide and light absorption 
layer 25 in the LD region, is reduced from about 0.3 pm to 
about 500 A by etching and, thereafter, the. light guide 
layer is patterned in a plurality of stripe-shaped island 
portions 25b to form the diffraction grating 28. Therefore, 
the resistance and the absorption loss due to the light 
guide layer is reduced to about 1/5 of those of the prior 
art device. Further, since the diffraction grating 28 
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consists of a plurality of island portions 25b that are 
embedded in the InP layer, the resistance and the absorption 
loss of the whole device is further reduced to about 1/10 of 
those of the prior art device, whereby the problems in the 
conventional device, such as increases in the operating 
voltage and the threshold current and reduction in the 
efficiency are avoided. 

While in the above-described second embodiment a p type 
InGaAsP layer about 0.3 pm thick is used as the light 
absorption and light guide layer 25, a strained multiple 
quantum well layer may be used. 

Figure 5 is a sectional view illustrating an integrated 
semiconductor laser and light modulator including a strained 
MQW layer as a light absorption and light guide layer, in 
accordance with a third embodiment of the present invention. 
In figure 5, the same reference numerals as in figure 4 
designate the same or corresponding parts. Reference 
numeral 35a designates a strained MQW light absorption layer 
and numeral 35b designates a strained MQW light guide layer. 
The strained MQW layer comprises alternatingly arranged 
InGaAsP well layers and InGaAsP barrier layers. The InGaAsP 
well layer is about 50 A thick and has a lattice constant 
that provides 1% compressive strain with respect to a 
lattice of InP. The InGaAsP barrier layer has a band gap 
energy larger than that of the well layer and a lattice 
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constant: that matches with the lattice constant of InP. 

In a strained MQW layer, the effective mass of the 
valence band is reduced, whereby the inter valence band 
• absorption that accounts for a high percentage of the 
absorption loss is significantly reduced. The reason for 
phenomenon is described in detail in "Band Engineering of 
Semiconductor Lasers for Optical Communications", Journal of 
Lightwave Technology, Vol- 6, No. 8, p. 1292 (1988). 

The reduction in the absorption loss in the LD region 
improves characteristics of the LD, such as threshold 
current and efficiency. In addition, the reduction in the 
absorption loss in the light modulator region reduces the 
insertion loss of the modulator. 

Figure 7 is a diagram for explaining light absorption 
characteristics of an MQW light absorption layer. In figure 
7, the characteristic curve showing wavelength dependence of 
absorption coefficient has a peak in the vicinity of the 
band gap energy, so that the absorption coefficient drops 
steeply. When a reverse bias is applied, since the 
effective band gap energy is increased due to quantum 
confinement Stark effect, the absorption coefficient curve 
is shifted toward the long wavelength side, so that a large 
absorption coefficient is obtained. As a result, a light 
modulation with higher efficiency is realized compared to a 
light absorption layer comprising a bulk crystal.* 
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Figure 8 is a perspective view illustrating an 
integrated semiconductor laser and light modulator in 
accordance with a fourth embodiment of the present 
invention. Figure 9 is a sectional view taken along a line 
9-9 of figure 8. In figure 9, reference numeral 41 
designates an n type InP substrate. A light modulator 40a 
and a laser diode 40b are integrated on the InP substrate 
41. The substrate 41 includes a diffraction grating 51 in a 
region where the LD 40b is located. An n type InGaAsP guide 
layer 42 is disposed on the substrate 41 including the 
diffraction grating 51. An n type InP layer 43 is disposed 
on a part of the guide layer 42 where the modulator 40b is 
located. An n type InP cladding layer 46 is disposed on the 
guide layer 42 and on the n type InP layer 43 . r The n type 
InP layer 43 may be present in the LD region 40b. In this 
case, the n type InP layer in the LD region is thinner than 
that in the modulator region. An i type InGaAs/InGaAsP 
multiple quantum well (MQW) layer 47 is disposed on the 
cladding layer 46. A p type InP cladding layer 48 is 
disposed on the MQW layer 47 . A p type InP layer ,49 is 
disposed on the cladding layer 48. P + type InGaAsP contact 
layers 50 are disposed on the InP layer 49 in the LD region 
and the modulator region, respectively. P side electrodes 
53a and 53b of the modulator and the LD, respectively, are 
disposed on the respective contact layers 50. An n side 
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electrode 54 common to the LD and the modulator is disposed 
on the rear surface of the substrate 41. In figure 8, 
reference numeral 44 designates an Fe-doped InP current 
• blocking layer, numeral 45 designates an n type InP layer, 
and numeral 52 designates an Si0 2 insulating film. 

A method for fabricating the structure of figure 8 is 
illustrated in figures 10(a) -10(d). 

Initially, a diffraction grating 51 is formed on a 
region of the substrate 41 where an LD is to be located (LD 
region). Thereafter, an n type InGaAsP guide layer 42, an n 
type InP layer 43, an Fe-doped InP current blocking layer 
44, and an n type InP layer 45 are successively grown over 
the entire surface of the substrate 41 including the 
diffraction grating 51. Thereafter, as illustrated in 
figure 10(a), a pair of Si02 insulating films 55 are formed 
on the n type InP layer 45 with a stripe-shaped region of 
the InP layer 45, about 2 pm wide, between them. The width 
of the Si0 2 film 55 is about 10 pm in the LD region and 
about 4 pm in the modulator region. 

In, the step of figure 10(b), using the Si0 2 films 55 as 
masks, unmasked portions of the semiconductor layers 43, 44, 
and 45 are selectively etched by vapor phase etching with 
HC1 gas. In the stripe-shaped region sandwiched by the Si0 2 
masks 55, the etching depth depends on the width of the Si0 2 
masks 55. That is, the etching depth in the region 
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sandwiched by the relatively wide portions (about 10 \im) of 
the masks 55 is deeper than the etching depth in the region 
sandwiched by the relatively narrow portions (about 4 \im) of 
the masks 55. The reason of this variation in etching depth 
is described in detail in Applied Physics Letters , 59 (16), 
14 October 1991, pp. 2019 to 2021. Figure 11(a) is a 
sectional view of the wafer taken along a line lla-lla of 
figure 10(b). 

In the step of figure 10(c), using the Si0 2 films 55 as 
masks for selective growth, ah n type InP cladding layer 46, 
an i type InGaAs/InGaAsP MQW layer 47, and a p type InP 
cladding layer 48 are grown on the wafer. The grown layers 
are thicker in the region between the relatively wide 
portions of the Si02 masks 55 than in the region between the 
relatively narrow portions of the masks 55. Figure 11(b) is 
a sectional view of the wafer taken along a line llb-llb of 
figure 10(c). 

After removal of the Si02 films 55, a p type InP layer 
49 and a p + type InGaAsP contact layer 50 are grown over the 
entire surface of the wafer as illustrated in figure 10(d). 

Thereafter, a, part of the contact layer 50 opposite the . 
boundary between the LP and the modulator is etched away, 
followed by deposition of an Si0 2 insulating film 52. The 
Si0 2 film 52 is patterned to form a window about 2 \xm wide 
opposite the stripe-shaped groove. To complete the device 
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of figure 8, p side electrodes 53a and 53b for the modulator 
arid the LD, respectively, are formed contacting the contact 
layer 50 through the window, and an n side electrode 54 
common to the modulator and LD is formed on the rear surface 
of the substrate 41. 

The operating principle of the integrated semiconductor 
laser and light modulator of this fourth embodiment is . 
identical to the operating principle of the prior art device 
shown in figure 27. That is, as shown in figure 9, the well 
layer included in the MQW layer 47 is thicker in the DFB-LD 
region 40b than in the modulator region 40a, so that the 
band gap energy of the MQW layer 47 in the LD region is 
relatively small and the band gap energy of the MQW layer 47 
in the modulator region is relatively large. When the 
modulator 40a is not driven, laser light produced in the LD 
region is not absorbed in the modulator region, so that it 
is emitted from the facet of the modulator. When a reverse 
bias is applied to the modulator, the absorption end shifts 
toward the long wavelength side due to quantum confinement 
Stark effect, and the laser light is quenched. 

A description is given of the effect of this fourth 
embodiment • 

In the above- described production of the integrated 
semiconductor laser and light modulator according to the 
fourth embodiment, selective growth of th semiconductor 
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layers constituting a waveguide is carried out so that those 
layers are flatly grown in the groove which is formed in the 
lamination of semiconductor layers including the current 
blocking layer. Therefore, a flat surface of the wafer is 
achieved after the selective growth- The flgt surface 
facilitates subsequent processing, such as formation of 
windows in the Si0 2 film 52 and patterning of electrodes, 
whereby reproducibility and production yield are improved. 

Furthermore, as shown in figure 11(a), the groove 
formed between the Si0 2 masks* 55 is deeper in the region 
sandwiched by the relatively wide portions of the masks 55 
than in the region sandwiched by the relatively narrow 
portions of the masks 55. In addition, the layers 46, 47, 
and 48 grown in the groove between the Si0 2 masks 55 are 
thicker in the region sandwiched by the relatively wide 
portions of the masks 55 than in the region sandwiched by 
the relatively narrow portions of the masks 55. The effects 
of these selective etching and selective growth are based on 
the same principle. Since the layers 46, 47, and 48 grown 
in the deep region of the stripe-shaped groove are thick and 
those layers grown in the shallow region of the groove are 
thin, the thickness of the grown layers and the depth of the 
groove are offset each other, reducing the step, i.e., 
difference in level, at the surface opposite the boundary 
between the wide portion and the narrow portion of the Si0 2 
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film 55. The reduced step at: the surface does not adversely 
affect subsequent processing, such as formation of 
electrodes. Further, in this fourth embodiment, the 
difference in level of the waveguide comprising the MQW 
layer 47 at the boundary between the LD region, and the 
modulator region is significantly reduced as compared with 
the prior art structure shown in figure 32, whereby the 
transmission loss of light traveling through the waveguide 
is reduced. 

In the prior art integrated semiconductor laser and 
light modulator shown in figure 34, the same effects as in 
th4 fourth embodiment, i.e., flat surface before formation 
of electrodes, reduction of the step at the surface of the 
grown layers between the modulator region and the LD region, 
and reduction of the step in the waveguide, are achieved. 
However, in the prior art device, the selectively grown 
semiconductor layers 704 to 707, each having a relatively 
large width, are formed in a narrow stripe-shaped mesa and 
the mesa is buried in the current blocking layer 725. 
Therefore, the width of the Si0 2 mask 720 for the selective 
growth must be as large as 100 \xm and the space between the. 
Si0 2 masks must be as large as 30 pnu It is difficult to 
completely; remove the 100 ym wide Si0 2 masks after the 
selective growth, and the 30 ]im wide space between the masks 
causes variation in the thickness of the grown layer in the 
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transverse direction of the laser device. 

On the other hand, in this fourth embodiment of the 
present invention, the selective growth of the semiconductor 
layers constituting the waveguide region is performed so 
that these layers are flatly grown in the groove that is 
formed in the lamination of semiconductor layers including 
the current blocking layer, and the semiconductor layers 
grown in the groove are used as a waveguide. Therefore, the 
space between the adjacent Si0 2 masks 55 is only 2 ]im, so 
that the thickness of the layer grown in the groove between 
the Si0 2 masks 55 does not vary in the transverse direction 
of the laser device. In addition, the 10 pm wide Si0 2 film 
is enough to obtain the effects of the above-described 
selective etching and selective growth in the narrow region 
of about 2pm. Therefore, polycrystalline material is hardly 
deposited on the Si0 2 film, so that the Si0 2 film is easily 
removed. 

Figure 12 is a perspective view illustrating an 
integrated DFB-LD and light modulator in accordance with a 
fifth embodiment of the present invention, and figure 13 is 
a sectional view taken along a line 13-13 of figure 12. In 
figure 13, reference numeral 61 designates an n type InP 
substrate. A light modulator 60a and a DFB-LD 60b are 
integrated on the substrate 61. An n type InP cladding 
layer 64 is disposed on the substrate 61. An i type 
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InGaAs/InGaAsP multiple quantum well (MQW) layer 65 is 
disposed on the cladding layer 64. A p type InP cladding 
layer 66 is disposed on the MQW layer 65. A p type InP 
barrier layer 67 is disposed on the cladding layer 66. A p 
type InGaAsP guide layer 68 including a dif fraption grating 
69 in the LD region is disposed on the barrier layer 67. A 
p type InP layer 70 is disposed on the guide layer 68. P + 
type InGaAsP contact layers 71 are disposed on the p type 
InP layer 70 in the LD region and the modulator region, 
respectively. P side electrodes 73a and 73b of the 
modulator and the LD, respectively, are disposed on the 
contact layers 71. An n side electrode 74 common to the LD 
and the modulator is disposed on the rear surface of the 
substrate 61. Further, in figure 12, reference numeral 62 
designates an Fe-doped InP current blocking layer, numeral 
63 designates an n type InP layer, and numeral 72 designates 
an insulating film. 

The structure of this fifth embodiment is identical to 
the structure of the fourth embodiment shown in figure 8 
except that the diffraction grating is disposed above the 
MQW layer. 

A description is given of the production method. 

Initially, an Fe-doped InP current blocking layer 62 
and an n type InP layer 63 are grown over the entire surface 
of the substrate 61. Thereafter, a pair of Si02 insulating 
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films are formed on the n type InP layer 63 with a 2 pm wide 
stripe-shaped region of the layer 63 between them. The 
thickness of the Si0 2 film is about 10 pm in the LD region 
and about 4 pm in the modulator region. Using the Si0 2 
films as masks, unmasked portions of the semiconductor 
layers 62 and 63 are selectively etched by vapor phase 
etching with HC1 gas, whereby a stripe- shaped groove 
penetrating through those layers 62 and 63 and reaching the 
InP substrate 61 is formed between the SiC>2 masks. The 
etching depth by the vapor phase etching is deeper in the 
region sandwiched by the 10 pm wide portions of the Si02 
masks than in the region sandwiched by the 4 pm wide 
portions of the masks. Using the Si0 2 films as masks for 
selective growth, an n type InP cladding layer 64, an i typ© 
InGaAs/InGaAsP MQW layer 65, and a p type InP cladding layer 
66 are grown on the wafer. These layers grown in the 
stripe- shaped groove between the Si02 mask are thicker in 
the region sandwiched by the 10 pm portions of the masks 
than in the region sandwiched by the 4 pm portions of the 
masks. After removal of the Si0 2 masks, a p type InP 
barrier layer 67 and a p type InGaAsP guide layer 68 are 
grown over the entire surface of the wafer, and a 
diffraction grating 69 is formed on the p type InGaAsP guide 
layer 68 in the LD region. Then, a p type InP layer 70 and 
a p + type InGaAsP contact layer 71 are grown over the 



structure. Finally , a portion of the contact layer 71 
opposite the boundary between the LD and the modulator is 
etched away to electrically separate the LD from the 
modulator, and an Si0 2 insulating film 72 is deposited on 
the contact layer 71 and patterned to form a window about 2 
pm wide opposite the stripe-shaped groove. To complete the 
structure of figure 12, p side electrodes 73a and 73b for 
the modulator and the LD, respectively, are formed On the 
insulating film 72 contacting the contact layer 71 through 
the window, and a common n side electrode 74 is formed on 
the rear surface of the substrate 61. 

The operating principle of the integrated DFB-LD and 
light modulator of this fifth embodiment is identical to the 
operating principle of the device already described with 
respect to figures 8 and 9, and the same effects as 
described above are achieved. 

While in the above-described second to fifth 
embodiments an integrated DFB laser and light modulator is 
described, the present invention may be applied to other 
semiconductor optical devices or monolithically integrated 
semiconductor optical devices in which band gap energy of a 
continuous waveguide should be partially varied. For 
example, figure 14 is a perspective view showing a 
wavelength tunable DBR-LD (Distributed Br agg-Ref lector Laser 
Diode) fabricated by the same method as described in the 
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fourth embodiment: of the present invention. Figure 15 is a 
sectional view taken along a line 15-15 of figure 14. 

In figure 15, reference numeral 81 designates an n type 
InP substrate. An LD 80a, a phase adjustor 80b, and a DBR 
80c are integrated on the substrate 81. The substrate 81 
includes a diffraction grating 91 in a region where the DBR 
is located. An n type InGaAsP guide layer 82 is disposed on 
the substrate 81 including the diffraction grating 91. An n 
type InP layer 83 is disposed on a part of the guide layer 
82 where the phase adjustor 80b and the DBR 80c are located. 
An n type InP lower cladding layer 86 is disposed on the 
guide layer 82 and the n type InP layer 83. An i type 
InGaAs/ InGaAsP MQW layer 87 is disposed on the lower 
cladding layer 86. A p type InP upper cladding layer 88 is 
disposed on the MQW layer 87. A p type InP layer 89 is 
disposed on the upper cladding layer 88. P + type InGaAsP 
contact layers 90 are respectively disposed on the p type 
InP layer 89 in the LD region, the phase adjustor region, 
and the DBR region. P side electrodes 93a, 93b, and 93c of 
the LD 80a, phase adjustor 80b, and the DBR 80c, 
respectively, are disposed on the respective contact layers 
90. A common n side electrode 94 is disposed on the rear 
surface of the .substrate 81. Further, in figure 14, 
reference numeral 84 designates an Fe-doped InP current 
blocking layer, numeral 85 designates an n type InP layer, 
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and numeral 92 designates an insulating layer. 

This DBR-LD comprises three elements, i.e., the LD 80a, 
-the phase adjustor 80b, and the DBR 80c , and the electrodes 
93a, 93b, and 93c for the respective elements are separated 
from each other. The structure of this DBR-LD is 
fundamentally identical to the integrated semiconductor 
laser and light modulator shown in figure 8. The 
diffraction grating 91 is disposed only in the DBR region, 
and the Si0 2 mask used for the selective vapor phase etching 
and the selective crystal growth has a relatively wide 
portion in the LD region and a relatively narrow portion in 
the phase adjustor and DBR regions. Thereby, the band gap 
energy of the waveguide is larger in the phase adjustor and 
DBR regions than in the LD region. In this case, since 
light produced in the LD is not absorbed in the phase 
adjustor and DBR regions, the waveguide loss is reduced. In 
the operation, when current is applied across the DBR 80c, 
the refractive index of the waveguide changes due to plasma 
effect, and laser oscillation occurs at a wavelength 
determined by the pitch and refractive index of the 
diffraction grating 91. 

Also in this DBR-LD, the same effects as described in 
the fourth and fifth embodiments are achieved. In addition, 
the unevenness at the boundary between the LD region and the 
phase adjustor region is reduced, whereby the light 
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-transmission loss is reduced. 

The structure and production method of the present 
invention may be widely applied to other devices, such as LD 
with external resonator , optical integrated device 
comprising LD, waveguide, PD ( photodiode ) , optical amplifier 
and the like, or multiwavelength PD device (integrated PDs). 

Figure 16 is a perspective view illustrating an 
integrated semiconductor laser and light modulator in 
accordance with a seventh embodiment of the present 
invention, and figure 17 is a* sectional view taken along a 
line 17-17 of figure 16. In figure 17, reference numeral 
101 designates an n type InP substrate with a (100) surface 
orientation. A light modulator 100a and a DFB-LD 100b are 
integrated on the InP substrate 101. The substrate 101 
includes a diffraction grating 111 in a region where the LD 
100b is located. An n type InGaAsP guide layer 102 is 
disposed on the substrate 101 including the diffraction 
grating 111. An n type InP layer 103 is disposed on the 
guide layer 102. An n type InP lower cladding layer 106 is 
disposed on the n type InP layer 103. An i type 
InGaAs/ InGaAsP MQW layer 107 is disposed on the lower 
cladding layer 106. A p type InP upper cladding layer 108 
is disposed on the MQW layer 107. A p type InP layer 109 is 
disposed on the upper cladding layer 108. P + type InGaAsP 
contact layers 110 are respectively disposed on the p type 
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InP layer 109 in the LD region and the modulator region . p 
side electrodes 113a and 113b of the modulator and the LD, 
respectively, are disposed on the respective contact layers 
k 110. A common n side electrode 114 is disposed on the rear 
surface of the substrate 101. Further, in figure 16, 
reference numeral 104 designates an Fe-doped InP current 
blocking layer, numeral 105 designates an n type InP layer, 
and numeral 112 designates an insulating film. 

A method for fabricating the structure of figure 16 is 
illustrated in figures 18(a) -18(c). 

Initially, a diffraction grating 111 is formed on a 
part of the (100) surface of the n type InP substrate 101 
where an LD is to be located. Then, an n type InGaAsP guide 
layer 102 and an n type InP layer 103 are successively grown 
on the surface of the substrate 101 including the 
diffraction grating 111. Thereafter, as illustrated in 
figure 18(a), a pair of Si0 2 insulating films 115 are formed 
on the n type InP layer 103. A stripe-shaped region between 
the Si0 2 films 115 is about 2 pm wide and in the [011] 
direction. The width of the Si0 2 insulating film 115 is 
about 10 pm ih the LD region and about 4 ]im in the modulator 
region. 

In the step of figure 18(b), using the Si0 2 films 115 
as masks for selective growth, an n type InP cladding layer 
106, an i type InGaAs/InGaAsP MQW layer 107, and a p type 
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InP cladding layer 108 are successively grown on the 
unmasked regions of the InP layer 103 . These layers grown 
on the stripe region between the Si0 2 masks 115 have a 
triangular cross section and (lll)B side surfaces. The 
cladding layer 106 and the MQW layer 107 are thicker in the 
region sandwiched by the relatively wide (about 10 \im) 
portions of the masks 115 than in the region sandwiched by 
the relatively narrow (about 4 pm) portions of the masks. 
However/ the growth of the p type InP cladding layer 108 in 
the region sandwiched by the relatively wide portions of the 
masks stops when the triangular shape is completed and, 
thereafter, the growth of the cladding layer 108 proceeds 
only in the region sandwiched by the relatively narrow 
portions of the masks 115. Therefore, the stripe-shaped 
triangular ridge produced between the Si0 2 masks 115 has a 
uniform height. 

After removal of the Si0 2 films 115, an Fe-doped InP 
layer 104, an n type InP layer 105, a p type InP layer 109, 
and a p + type InGaAsP contact layer 110 are grown over the 
entire surface (figure 18(c)). Since no crystal grows on 
the (lll)B planes of the stripe-shaped ridge, these layers 
are grown from the flat surface of the InP layer 103 that is 
exposed by the removal of the Si0 2 films 115, and the ridge 
structure is buried in these layers. The p type InP 
cladding layer 108 is united with the p type InP layer 109. 
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As a result:, current is concentrated into the stripe region; 
where the insulating Fe-doped InP layer 104 is absent. 

Thereafter, a portion of the contact layer 110 opposite 
the boundary between the LD and the modulator is etched away 
to separate the LD from the modulator, followed, by 
deposition of an Si0 2 insulating film 112. Two windows, 
each having a width of about 2 pm, are formed in the Si0 2 
insulating film 112 opposite the LD region and the modulator 
region, respectively. To complete the structure of figure 
16, p side electrodes 113a and 113b for the modulator and 
the LD, respectively, are formed on the insulating film 112^ 
contacting the contact layer 110 through the windows, and a 
common n side electrode 114 is formed on the rear surface of 
the substrate. 

In this seventh embodiment of the present invention, 
the finally grown layer 109 has a flat surface. The flat 
surface facilitates processing after the crystal growth, 
i.e., the formation of the windows in the Si0 2 film and the 
patterning of the p side electrodes, whereby reproducibility 
and production yield are improved. 

Figure 19 is a sectional, view illustrated an integrated 
semiconductor laser arid light modulator in accordance with 
an eighth .embodiment of the present invention. In the 
figure, reference numeral 121 designates an n type InP 
substrate. A light modulator 120a and a laser diode 120b 
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are integrated on the substrate 121. A diffraction grating 
127 is disposed on a part of the substrate 121 where the LD 
120b is located. An n type InGaAsP guide layer 122 is 
disposed on the substrate 121 including the diffraction 
grating 127. An In^xGax^yFi-y/^i-x f Ga x i As y t Pi- y « MQW 
light absorption layer 123 is disposed on the guide layer 
122. An In^xiiGaxiiAs/In^xtGaxf As y rPj^.yi MQW active layer 
124 is disposed on the light absorption layer 123. The 
thickness and the number of the well layer included in the 
MQW light absorption layer 123 are different from those of 
the well layer included in the MQW active layer 124. A p 
type InP cladding layer 125 is disposed on the active layer 
124. P type InGaAsP cap layers 126a and 126b are disposed 
on the cladding layer 125 in the modulator region and the LD 
region, respectively. P side electrodes 128 and 129 are 
disposed on the cap layers 126a and 126b, respectively. A 
common n side electrode 130 is disposed on the rear surface 
of the substrate 121. Preferably, the composition ratio of 
the In^xGaxASyP^y is In 0-57 Ga 0 .43 As 0.93 p 0.07' ""^ 
composition ratio of the In^x'Gax'^y'Pl-y' is 
ln 0 9 7 6 Ga 0 . 24 As 0 . 5 5 P 0 • 45 ' and * he composition ratio of the 

In l-x ,,Ga x l,As is In 0.53 Ga 0.47 As - 

A method for fabricating the structure of figure 19 is 

illustrated in figures 20(a)-20(d). 

Initially, a diffraction grating 127 is formed on a 
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portion of the n type InP substrate 121 where an LD is to be 
located, and an n type InGaAsP guide layer 122 is grown on 
the substrate 121 including the diffraction grating 127. As 
illustrated in figure 20(a), a pair of Si0 2 masks 131 is 
formed on a portion of the guide layer 122 where a modulator 
is to be located with a stripe-shaped region about 200 um 
wide between them. Each Si0 2 mask 131 is about 200 um x 400 
um in size. 

Thereafter, an In^xGa^yP^y/ln^^Ga^hSy^^y' MQW 
light absorption layer 123 is' grown over the wafer by MOCVD. 
Figure 20(b) illustrates a sectional view taken along a line 
20b-20b of figure 20(a). As shown in figure 20(b), the MQW 
light absorption layer 123 is thicker in the region 
sandwiched by the masks 131 (the modulator region) than in 
the region where the masks are absent. In the MQW light 
absorption layer 123 grown in the modulator region 
sandwiched by the masks 131, the thickness of the well layer 
should be 8 run. In the MQW layer 123 grown in the LD region 
where the masks 131 are absent, the well layer is thinner 
than that in the modulator region. For example, it is about 
5 nm thick. In addition, the MQW layer includes ten well 
layers . 

After removal of the Si0 2 masks 131, Si0 2 masks 132 are 
formed in the LD region as shown in figure 20(c). 

Thereafter, an In 1 _ x »Ga x «As/J.r\ 1 - x iGa x iAs y tP 1 _ Y • MQW 
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active layer 124, a p type InP cladding layer 125, and a p 
type InGaAsP cap layer 126 are grown over the wafer shown in 
figure 20(c) by MOCVD* Figure 20(d) shows a sectional view 
. taken along a line 20d-20d of figure 20(c). If the 
thickness of the well layer included in the MQW active layer 
124 grown in the LD region where the masks 132 are present 
is 7 nm, the thickness of the well layer in the modulator 
region where the masks 132 are absent is about 4 nm. In 
addition, the MQW active layer 124 includes five well 
layers. 

A description is given of the operation. As shown in 
figure 22(a), when the Zn^^nGeL^nAs/In^^tGa^t As y i p i-y» MQW 
active layer 124 in the LD region has a well layer thickness 
of 7nm and an effective band gap wavelength X g4 of 1.55 pm„ 
the MQW active layer 124 in the modulator region has a well 
layer thickness of about 4 nm and" an effective band gap 
wavelength X g3 of about 1.49 jim which corresponds to a band 
gap energy larger than that in the LD region. As shown in 
figure 22(b), if the effective band gap wavelength (X g ) of 
the In 1 _ x Ga x ASyP 1 _y/In 1 _ x tGa x i As y t Pi_ y t MQW light absorption 
layer 123 in the modulator region (8 nm thick well layer) is 
1.49 pm (kgi)/ the effective band gap wavelength of the 
light absorption layer 123 in the LD region (5 nm thick well 
layer) is about 1.40 pm (X g2 ). The guided light is 
distributed in the active layer 124 and the light absorption 
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layer 123 and confined in the respective layers. The 
oscillation wavelength of the LD ( = \ g4 = 1.55 ]im) is not 
absorbed in the modulator region because the band gap energy 
' in the modulator region is larger than that in the LD 
region, i.e., X g3 = Xg 2 = 1.49 pm, so that it -passes through 
the modulator region and is emitted from the facet. When a 
reverse bias is applied to the modulator, the absorption end 
is shifted toward the long wavelength side due to the 
quantum confinement Stark effect, and the effective band gap 
is reduced, whereby the laser' light (X = 1.55 }im) is 
absorbed by the modulator. - 

In the integrated semiconductor laser and light 
modulator according to the eighth embodiment of the present 
invention, since the active layer and the light absorption 
layer are different layers, it is possible to optimize the 
thickness and number of the well layer for each of the 
active layer and the light absorption layer individually. 
In this' embodiment, the well layer included in the MQW light 
absorption layer of the modulator is as thick as 8 run so 
that the shift of the absorption end when electric field is 
applied is increased to increase the extinction ratio. The 
MQW light absorption layer includes about ten well layers so 
that the light confinement coefficient is increased to 
increase the extinction ratio. Since the optimum design is 
possible, characteristics of the light modulator, such as 
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the extinction ratio, are significantly improved while 
maintaining good characteristics of the LD, compared to the 
above-described integrated semiconductor laser and light 
modulator in which one MQW layer serves both as the active 
layer and the light absorption layer. 

Furthermore,, in this eighth embodiment, reduction in 
the optical coupling efficiency due to scattering of light 
at the boundary between the LD and the modulator, that has 
been a serious problem in the structure including different 
two layers for the active layer and the light absorption 
layer, is avoided. The reason will be described in the 
following. Figure 21 illustrates refractive index 
distributions and light intensity distributions in the 
direction perpendicular to the respective layers at 
positions indicated by A— A 1 (LD region), B-B 1 (boundary 
region), and C-C- (modulator region) in figure 19. The 
guided light is dispersed and confined in the active layer 
124 and the light absorption layer 123 which have refractive 
indices larger than that of the InP cladding layer. 
Although the refractive index of the active layer 
(refractive index of the LD region) is different from the 
refractive index of the light absorption layer (refractive 
index of the modulator region), the difference is negligible 
because these layers are similar in composition and 
structure. 
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In the boundary region, the thicknesses of the active* 
layer and the light absorption layer gradually vary, so that 
the refractive index gradually varies from the value 
X distribution) in the LD region to the value (distribution) 
in the modulator region. Since the difference in the 
refractive indices between the LD region and the modulator 
region is small, and the refractive index gradually varies 
in the boundary region where the width (50 - 100 ym) is 
larger than the thickness ( - 0.3 pm ) , the variation is very 
slow. As a result, the light intensity distribution in the 
direction perpendicular to those layers varies slowly fro^ 
the LD region to the modulator region, light is not 
scattered but smoothly guided, whereby the optical coupling 
efficiency between the LD and the modulator is improved. 

While in the above-described eighth embodiment an 
integrated semiconductor laser and light modulator is 
described, the idea of the present invention may be applied 
to other integrated optical devices, such as an integrated 
LD and optical waveguide or an integrated LD and optical 
switch, or other optical devices, such as a wavelength 
variable DBR-LD. Also in these cases, the same effects as 
described above are achieved. 
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WHAT TS CLAIMED IS: 

1. A semiconductor optical device including: 
a first semiconductor layer; 

a diffraction grating comprising portions of a 
superlattice layer disposed on the first semiconductor 
layer, said superlattice layer comprising alternatingly 
arranged second semiconductor layers comprising a 
semiconductor material in which mass transport hardly occurs 
and third semiconductor layers comprising a semiconductor 
material different from the semiconductor material of the 
second semiconductor layers; and 

a fourth semiconductor layer grown on the 
diffraction grating by vapor phase deposition so that the 
diffraction grating is buried by the fourth semiconductor 
layer* 

2. The semiconductor optical device of claim 1 wherein 
an uppermost layer of the superlattice layer is the second 
semiconductor layer. 

3. The semiconductor optical device of claim 1 wherein 
the second semiconductor layers comprise InGaAs and the 
third semiconductor layers comprise InP. 

4. The semiconductor optical device of claim 1 wherein 
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the diffraction grating comprises a plurality of stripe- 
shaped portions of the superlattice layer which are 
periodically arranged parallel to each other and 
perpendicular to the light guiding direction of the optical 
device. 

5. A method for fabricating a semiconductor optical 
device including: 

forming an active layer producing light on a 
semiconductor substrate; 

forming a first semiconductor layer on the active 

layer; 

forming a superlattice layer on the first 
semiconductor layer by alternatingly depositing second 
semiconductor layers comprising a semiconductor material in 
which mass transport hardly occurs and third semiconductor 
layers comprising a semiconductor material different from 
the semiconductor material of the second semiconductor 
layers ; 

selectively etching the superlattice layer , leaving 
a plurality of stripe- shaped portions parallel to each other 
and perpendicular to a direction in which the light produced 
in the active layer is guided to form a diffraction grating 
; and 

forming a fourth semiconductor layer on the 
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diffraction grating by vapor phase deposition so that the 
diffraction grating is buried by the fourth semiconductor 
layer. 

6. A semiconductor laser device comprising: 

a semiconductor substrate of a first conductivity 
type and having opposite front and rear surfaces; 

a first conductivity type active layer disposed on 
the semiconductor substrate; 

a first semiconductor layer of a second conductivity 
type, opposite the first conductivity type, disposed on the 
active layer ; 

a diffraction grating comprising portions of a 
super lattice layer disposed on the first semiconductor 
layer, said superlattice layer comprising alternatingly 
arranged second conductivity type second semiconductor 
layers comprising a semiconductor material in which mass 
transport hardly occurs and second conductivity type third 
semiconductor layers comprising a semiconductor material 
different from the semiconductor material of the second 
semiconductor layers; 

a second conductivity type fourth semiconductor 
layer grown on the diffraction grating by vapor phase 
deposition to bury the diffraction grating; 

a second conductivity type contact layer disposed on 
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the fourth semiconductor layer; and 

first and second electrodes respectively disposed on 
the rear surface of the substrate and the contact layer. 

7. A semiconductor optical device in which a 
semiconductor laser diode and a light modulator for 
modulating laser light produced in the laser diode are 
integrated on a semiconductor substrate, including: 

a light absorption layer of the light modulator 
comprising a first part of a semiconductor layer grown on 
the substrate; ' & 

a diffraction grating of the semiconductor laser 
diode comprising a plurality of stripe-shaped portions of a 
second part of the semiconductor layer other than the first 
part, said stripe-shaped portions being periodically 
arranged parallel to each other and perpendicular to the 
light guiding direction of the laser diode • 

8. The semiconductor optical device of claim 7 wherein 
the diffraction grating is formed after etching a part of 
the semiconductor layer where the diffraction grating is to 
be formed • 

9. The semiconductor optical device of claim 7 wherein 
the semiconductor layer having parts as the light absorption 
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layer and the diffraction grating is a strained multiple 
quantum well layer. 

10. The semiconductor optical device of claim 8 wherein 
the semiconductor layer having parts as the light absorption 
layer and the diffraction grating is a strained multiple 
quantum well layer. 

11. A method for fabricating a semiconductor optical 
device in which a semiconductor laser diode and a light 
modulator for modulating laser light produced in the laser 
diode are integrated on a semiconductor substrate, 
comprising: 

growing a lower cladding layer of a first 
conductivity type, an active layer, and a first upper 
cladding layer of a second conductivity type, opposite the 
first conductivity type, successively on a first 
conductivity type semiconductor substrate; 

removing portions of the first upper cladding layer 
and the active layer in a region where the light modulator 
is to be located; 

growing a semiconductor layer having a band gap 
energy larger than that of the active layer over the entire 
surface of the wafer; 

forming a diffraction grating in a part of the 
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semiconductor layer in a region where the laser diode is to 
be located so that the diffraction grating comprises a 
plurality of stripe- shaped portions of the semiconductor 
layer which are periodically arranged parallel to each other 
and perpendicular to what becomes the light guiding 
direction of the laser diode; and 

- growing a second conductivity type second upper 
cladding layer comprising a semiconductor material of the 
same composition as the first upper cladding layer over the 
entire surface of the wafer so that the diffraction grating 
is embedded in the first and second upper cladding layers, 

12* The method of claim 11 further including etching the 
portion of the semiconductor layer having a band gap energy 
larger than that of the active layer in the region where the 
laser diode is to be located to reduce the thickness of that 
portion before the formation of the diffraction grating. 

13* A method for fabricating a semiconductor optical 
device in which a plurality of function elements are 
integrated on a semiconductor substrate, comprising: 
preparing a semiconductor wafer comprising a 
semiconductor substrate and at least a current blocking 
layer grown on the substrate; 

forming a pair of masks on th wafer with a stripe- 
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shaped region of the wafer exposed between the masks, each 
mask having portions of different widths corresponding to 
the respective function elements; 

using the masks, selectively etching the wafer by 
vapor phase etching to form a stripe- shaped groove 
penetrating through the current blocking layer; 

using the masks, selectively growing a cladding 
layer of a first conductivity type, a multiple quantum well 
layer, and a cladding layer of a second conductivity type, 
opposite the first conductivity type, in the . stripe- shaped 
groove; and 

after removal of the masks, growing a second 
conductivity type semiconductor layer over the entire 
surface of the wafer so that the surface of the second 
conductivity type semiconductor layer be flat. 

14. The method of claim 13 including selectively etching 
the wafer by vapor phase etching with HC1 containing gas to 
form the stripe-shaped groove. 

15. The method of claim 13 including, using the masks, 
in a crystal growth apparatus, selectively etching the wafer 
by vapor phase etching with HC1 containing gas to form the 
stripe- shaped groove and, subsequently, selectively growing 
at least the first conductivity type cladding layer, the 
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multiple quantum layer, and the second conductivity type 
cladding layer in the stripe-shaped groove. 

16. The method of claim 13 wherein the semiconductor 
optical device comprises a semiconductor laser diode and a 
light modulator for modulating laser light produced by the 
laser diode integrated on a semiconductor substrate, and the 
masks for selective etching and selective growth are wider 
in a region where the laser diode is to be located than in a 
region where the light modulator is to be located. 

17. The method of claim 16 further including forming a 
diffraction grating in the region where the laser diode is 
to be located, beneath the multiple quantum well layer. 

18. The method of claim 16 further including forming a 
diffraction grating in the region where the laser diode is 
to be located, above the multiple quantum well layer. 

19. The method of claim 13 wherein the semiconductor 
optical device is a wavelength variable distributed Bragg- 
ref lector laser in which a semiconductor laser diode, a 
distributed Bragg-ref lector having a function of changing 
the wavelength of emitted laser light, and a phase adjustor 
adjusting the phase between the semiconductor laser diode 
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and the distributed Bragg- reflector, which are integrated on 
a substrate, and the masks for selective etching and 
selective growth are wider in a region where the 
semiconductor laser diode is to be located than in regions 
where the distributed Bragg-ref lector and the phase adjustor 
are located. 

20. A method for fabricating a semiconductor optical 
device in which a plurality of function elements are 
integrated on a semiconductor substrate, comprising: 

preparing a semiconductor wafer having a {100} 
surface orientation; 

forming a pair of masks on the surface of the wafer 
with a stripe-shaped region of the wafer extending in a 
[Oil] direction between the masks, each mask having portions 
of different widths corresponding to the respective 
elements ; 

using the masks, selectively growing a cladding 
layer of a first conductivity type, a multiple quantum well 
layer, and a cladding layer of a second conductivity type, 
opposite the first conductivity type, on the wafer, forming 
a stripe- shaped mesa having a triangular cross section in 
the stripe- shaped region, between the masks; 

after removal of the masks, growing a current 
blocking layer to bury the stripe-shaped mesa, leaving a top 



portion of the mesa unburied; and 

growing a second conductivity type semiconductor 
layer to completely bury the mesa and make the surface of 
the wafer flat. 

21. The method of claim 20 wherein the semiconductor 
optical device comprises a semiconductor laser diode and a 
light modulator modulating laser light produced by the laser 
diode which are integrated on the same substrate,, and the 
masks for the selective growth are wider in a region where 
the semiconductor laser diode is to be located than in a 
region where the light modulator is to be located. 

22- A semiconductor optical device in which first and 
second function elements are integrated on a semiconductor 
substrate, including: 

a first multiple quantum well layer having a 
relatively thick portion in a region where the first element 
is located and a relatively thin portion in a region where 
the second element is located; arid 

a second multiple quantum well layer having a 
relatively thin portion in the region where the first 

v. 

element is located and a relatively thick portion in the 
region where the second element is located. 



23. The semiconductor optical device of claim 20 wherein 
the second element is a semiconductor laser diode and the 
first element is a light modulator modulating laser light 

. produced by the laser diode, and the second multiple quantum 
well layer is an active layer of the semiconductor laser 
diode and the first multiple quantum well layer is a light 
absorption layer of the light modulator. 

24. A method for fabricating a semiconductor optical 
device in which first and second function elements are 
integrated on a semiconductor substrate, said method 
comprising: 

forming a first mask pattern for selective growth on 
a region of the semiconductor substrate where the first 
element is to be located; 

using the first mask pattern, growing a first 
multiple quantum well layer on the semiconductor substrate 
by vapor phase deposition so that the thickness of the first 
multiple quantum well layer be larger in the region where 
the first element is to be located than in a region where 
the second function element is to be located; 

after removal of the first mask pattern, forming a 
second mask pattern for selective growth on the region where 
the second function element is to be located; and 

using the second mask pattern, growing a second 



• 
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multiple quantum well layer on the first multiple quantum 
we il : layer by vapor phase deposition so that the thickness 
of the second multiple quantum well layer be larger in the 
'region where the s,econd function element is to be located 
than in the region where the first function element is to be 
located . 

25. A method for fabricating a semiconductor optical 
device in which a semiconductor laser diode and a light 
modulator modulating laser light produced by. the laser diode 
are integrated on a semiconductor substrate, said method 
comprising : 

forming a first mask pattern for selective growth on 
a region of the semiconductor substrate where the light 
modulator is to be located; 

using the first mask pattern, growing a light 
absorption layer of a multiple quantum well structure on the 
semiconductor substrate by vapor phase deposition so that 
the thickness of the light absorption layer be larger in the 
region where the light modulator is to be located than in a 
region where the semiconductor laser diode is to be located; 

after removal of the first mask pattern, forming a 
second mask pattern for selective growth on the region where 
the semiconductor laser diode is to be located; and 

using the second mask pattern, growing an active 
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layer of a multiple quantum well structure on the light 
absorption layer by vapor phase deposition so that the 
thickness of the active layer be larger in the region where 
the semiconductor laser diode is to be located than in the 
region where the light modulator is to be located. 

26. A semiconductor optical device substantially as herein 
described with reference to any of figures 1 to 22 of the 
accompanying drawings. 

27. A method of making a semiconductor optical device 
substantially as herein described with reference to any of 
figures 1 to 22 of the accompanying drawings. 
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